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Abstract: Due to the Askaryan effect, radio emissions will be produced when ultra-high-
energy (UHE) cosmic rays and neutrinos impact the lunar regolith. Many experiments
have been proposed and performed to detect such radio emissions from the lunar regolith.
However, none of the Cherenkov radio signals has been detected in these experiments
up to now. In order to improve the detectability of the UHE particles, we proposed an
experiment to carry out the radio observations of the UHE cosmic rays and neutrinos with
two 30 m telescopes for a far longer time than the present experiments. The expected
sensitivity for the detection of such UHE particles has been calculated, both for cosmic rays
and neutrinos. The results show that a few UHE particle events above 10%° eV could be
detected with the expected observation time of several thousand hours.
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1. Introduction

The study of ultra-high-energy (>10'8 eV) particles is of great interest in high-energy
astrophysics and particle physics. However, the origin of ultra-high-energy cosmic rays
(UHECRs) remains unknown, largely due to their deflected trajectories caused by cosmic
magnetic fields. Another reason is that the UHECRs of energy above ~10'%¢ eV will
interact with the cosmic microwave background (CMB) and lose a substantial amount of
energy within tens of megaparsec (Mpc). This Greisen—Zatsepin—-Kuzmin (GZK) effect
results in a steepening of the cosmic ray spectrum at this energy [1-3], which has been
identified by the Auger and HiRes experiments [4,5]. The universe becomes opaque so
that the origin of UHECRSs beyond tens of Mpc cannot be retrieved by studying cosmic
rays directly. A method to determine the source origin of such UHECRSs is to the detect the
UHE neutrinos (UHECY) that are produced during the GZK interaction. Since neutrinos
are chargeless and weakly interacting, the UHECv usually carry direct information of their
original source.

For the detection of UHECR and UHECY events, huge collectors are required due to
their extreme low flux; for instance, the Pierre Auger Observatory (PAO) has a collecting
area of 3000 km?2. Even then, the PAO can only detect ~20 particles above the GZK energy
per year [6]. In order to detect the particles with a higher energy of ZeV (10%! eV), the
collecting area of the particle detectors has to be increased by a thousand times. For the
terrestrial detector, it is highly challenging to achieve such a huge collecting area in both
technology and engineering.
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Based on the Askaryan effect, the lunar Askaryan technique is proposed to detect both cosmic
ray and neutrino showers [7], which utilizes the Moon as a natural detector to achieve a huge
collecting area. When the high-energy particles impact the Moon, particle cascades will be induced
in the lunar regolith, which usually radiate radio emissions due to the presence of excess negative
charge. When the radio emissions escape from the lunar surface, they could be observed by a
sensitive terrestrial or lunar orbital telescope. Using the above technique, lots of experiments have
been proposed and carried out to search for UHE particles impacting the Moon. The terrestrial
experiments include Parkes [8,9], GLUE [10], LUNASKA [11,12], NuMoon [13], RESUN [14],
LaLuna [15], LOFAR [16], FAST [17], etc. In the literature [18], the LORD experiment was presented
and addressed to detect UHE cosmic rays and neutrinos with a lunar orbital telescope. In addition,
the scheme of lunar orbital satellite systems was addressed for UHE particle detection in [19,20].
Among all these experiments, the radio observations last no more than 200 h [11]. Hitherto, none of
the implemented experiments have detected UHE particles successfully.

In this paper, we present a new experiment to perform the radio detection of the UHECRs
and UHECv with two 30 m radio telescopes. The paper is organized as follows: in Section 2,
we describe the detection experiment of the lunar Cherenkov radio emission with these
telescopes. The sensitivities for the lunar UHECR and UHECY detections are estimated and
analyzed in Section 3. Finally, a summary and conclusions are provided in Section 4.

2. Detection Experiment with Two 30 m Radio Telescopes

When energetic particles interact on the lunar surface, intense coherent radio pulses are
produced in the frequency range from MHz to GHz. The intensity of radio emission peaks at
around the 3 GHz regime, since the typical lateral size of a shower induced by the UHE particles in
the lunar regolith is of the order of 10 cm [21]. Hence, most of the early lunar Askaryan experiments
operate at the GHz frequency band [8,10,11,14,15]. Atlower frequencies, the peak intensity of the
Cherenkov radiation decreases due to the Askaryan effect. However, the increasing angular spread
allows the radio emissions to escape from the lunar surface within a broader solid angle, which may
lead to an increasing efficiency to detect the Askaryan radiation at lower frequencies [21]. Therefore,
some experiments operating at low frequencies (~150 MHz) have been proposed and carried out
for lunar UHE particle detection, such as NuMoon [13], LOFAR [16], etc.

In this work, we proposed a lunar Askaryan experiment running at three frequencies
with two 30 m radio telescopes, as shown in Figure 1. These two radio telescopes were built
as an important instrument of the Meridian II project for the InterPlanetary Scintillation (IPS)
observations [22]. The system design of them is the same for each, including the dish, the
feed, and the analog and digital receivers. Only the locations are different, being ~200 km
away from each other. Since the IPS observations are mostly performed in the daytime and
last only 1-2 h per day, these two radio telescopes are totally free at other times to perform the
observations for different sciences, which allows us to make the long-time observations of
lunar Askaryan radio emissions induced by UHE particles impacting the Moon.

Figure 1. The two 30 m radio telescopes located at Suniteyou Qi (left) Banner and Abaga Qi (right),
inner Mongolia, China.
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2.1. Receiver of the 30 m Radio Telescope

The sensitivity for the radio detection of lunar Askaryan radio emissions is determined
by the sensitivity of the radio telescope, which is closely related to its receiver design. The
30 m radio telescope operates at three frequencies, 327 MHz, 654 MHz, and 1.4 GHz.
Two feeds are employed to receive the radio signals reflected by the dish. One feed is
designed to run at dual frequencies, 327 MHz and 654 MHz, and the other one is designed
for a frequency of 1.4 GHz. They can be switched by a mechanical device during the
observations. Each feed has two linear polarizations. The signal of each polarization will
be amplified and filtered independently in the receiver. Although these two feeds cannot
work at the same time, six parallel signal chains were designed for all three frequencies in
the receiver, as shown in Figure 2. The frequency bands of the receiver are 40 MHz, 80 MHz,
and 100 MHz for the three frequencies of 327 MHz, 654 MHz, and 1.4 GHz, respectively.
The receiver noise temperature is about 86 K for the frequencies of both 327 MHz and
654 MHz. At a frequency of 1.4 GHz, the receiver is cooled by a helium refrigerator; it can
therefore achieve a very low noise of 15 K.
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Figure 2. Receiver diagram of the 30 m IPS radio telescope.

As mention above, during the observations with the 30 m radio telescope, the radio
signals will be received with different analog chains for three frequencies, and the output
bandwidth-limited signals will then be fed to the digital receiver. It digitizes the radio
signals with a sampling rate of 200 MSPS and integrates the spectral data for 1 ms. The
observation of each IPS radio source lasted for a short time of several minutes. This digital
receiver is specially designed to process the IPS signals, totally different from that for the
detection of lunar Askaryan radio emissions.

2.2. New Receiver for UHE Particle Detection

The radio emissions from the hadronic cascades induced by the UHE cosmic rays or
neutrinos in the lunar regolith resembles a radio impulse with a duration of few nanosec-
onds. The present digital receiver of the 30 m radio telescope is not capable of detecting the
nanosecond radio pulses. Therefore, a new customized receiver is required for the lunar
Askaryan experiment.

When observing the Moon with a terrestrial radio telescope, besides the potential
Askaryan radio pulses that we expected to detect, the observed signals also contain artificial
radio frequency interferences (RFIs) and thermal noise fluctuations from the receiver, the
Moon disk, and the sky. To search for the nanosecond-duration impulse against the RFI
and thermal noise, we developed a dedicated digital receiver with a high-speed data
acquisition board and a Snap?2 field-programmable gate array (FPGA) board. On the data
acquisition board, the analog bandwidth-limited signals are sampled by analog-to-digital
converters (ADCs) at a rate of 2.5 GHz, and the sampled data will then be corrected for
ionospheric dispersion and triggered in real time on the FPGA board. Since the two feeds of
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the 30 m radio telescope cannot work simultaneously, only four data channels are designed
to digitize the radio signals of 327 and 654 MHz or 1.4 GHz, as shown in Figure 3. In order
to correlate the raw data between the two 30 m radio telescopes located 200 km away from
each other, four buffers of 800 us are employed to store the raw data for searching the
correlation fringe offline, which will help to identify the real lunar Askaryan events.
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Figure 3. New digital receiver diagram for the lunar Askaryan experiment with 30 m telescope.

2.3. De-Dispersion, RFI Rejection, and Triggering

In radio observations, the dispersion results from a frequency-dependent refractive
index are caused by the free electrons [17]. For the detection of lunar Askaryan radio pulses
with a nanosecond time duration, the dispersion induced by the Earth’s ionosphere has to
be considered. The dispersion At induced in a bandwidth-limited radio pulse can be given
by Equation (1) [11].

At =134 x 10~ 'TECU(f 2 — fgix) 1)

min

where fnin and fmax represent the minimum and maximum frequencies, respectively. The
TECU is the standard measure for the number of electrons (total electron content units,
10% e~ /m?) along the line of sight. For a typical night-time TEC of 10 x 10'® e~ /m? at the
telescope site, the dispersion of radio pulses at the observed frequencies will be 30.9 ns,
9.7 ns, and 1.0 ns, respectively. During the day, the dispersion will be more serious. To
detect the short-time-duration Askaryan impulse, the de-dispersion must be implemented
online in the digital signal processing, and the offline de-dispersion will be carried out in
detail to the recorded raw data after triggering.

For the lunar Askaryan experiment, RFI is a serious threat to discriminate a genuine
radio pulse from the hadronic cascades, and it must be excluded in the radio detections.
Among different RFIs, the narrow-band RFI can be easily identified, since the RFI environ-
ment has been well monitored at the telescope site. The unknown-source impulsive RFI is
a problem in data processing. Considering the characteristic of the lunar Askaryan radio
emission, such impulsive RFIs can be rejected from the expected pulses by analyzing their
polarization, time duration, dispersion, and their origin [17], of which the time duration
and dispersion are the prominent distinctions. Although RFI could also be a burst-like
signal, it tends to be much longer than the Askaryan pulses; a high time resolution will
be vital to search for the lunar pulse against RFI events. Regarding the dispersion, the
terrestrial RFI signal will evidently not have this expected signature. In our experiments,
we utilize two 30 m radio telescopes to observe the Moon. An easier way to reject the
RFI is to correlate the signals between these two telescopes. However, they are 200 km
away from each other, so it is quite difficult to transmit the data in real time via the present
network; we thus prefer to perform the data correlation offline to improve the efficiency of
RFI rejection.

The lunar Askaryan technique requires a high time resolution and high dynamic range
to discriminate the weak nanosecond radio pulses. The signals are therefore sampled at a
high frequency (more than GHz) with high precision (more than 8 bits). In our experiment,
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the sampling frequency and precision are 2.5 GHz and 10 bits, respectively, which will
produce a data rate of 25 GBs~!. Such a data rate is too high to record the raw data; a
real-time trigger must be implemented in the receiver, which was conducted in most of
the lunar Askaryan experiments. Although there was an experiment that recorded all the
raw data without triggering [13], its observations did not last for a long time. Due to the
limitation of real-time data processing, the de-dispersion will not be very accurate, and
the efficiency of RFI rejection will not be as high as a complete offline analysis, both of
which will decrease the detection sensitivity for lunar Askaryan radio emissions. In order
to compensate for the sensitivity loss, the real-time triggering criteria could be lower that
the theoretical values to ensure any potential pulse event is recorded, which will result in
more event candidates and recording data. Since the two radio telescopes are ~200 km
away from each other, it is necessary to record the data for more than 700 ps to search
for the correlation fringe between these two telescopes, which can be used to locate the
impulse and further reject the local RFL

2.4. System Calibration

When the telescope detects lunar Askaryan radio emissions produced by the candidate
UHE particles, its intensity is vital to determine the energy of the primary particle. To
obtain the accurate particle energy, careful system calibrations are required to obtain the
precise radiation intensity of the lunar particle event. Some known strong radio sources
in the sky will be used to make the amplitude calibrations for the whole telescope system,
as well as the bandpass calibration. In the telescope design, a highly stable noise source
is employed in the front-end box to calibrate the gain of the receiving system except the
antenna and feed. Since the antenna and the feed are passive components, the gain of
them is almost constant; the slight gain variation in the receiving system can be calibrated
frequently by the noise source. In addition, the recorded raw data between the two radio
telescopes will be correlated offline to identify if the radio signal comes from the Moon,
as well as to reject the local RFI. Therefore, the time delay and phase difference between
these two telescopes have to be calibrated. We will use the celestial point radio sources to
calibrate them in this experiment.

2.5. Description of the Experimental Observations

In the experiment that we proposed, two 30 m radio telescopes are employed to detect
the UHE cosmic rays and neutrinos off the Moon. These radio telescopes operate at three
different frequencies, 327 MHz, 654 MHz, and 1.4 GHz. Since both the low and high
frequencies have their own advantages, respectively, in the detections, we will make the
observations at all these frequencies to improve the detection possibility.

In the observations at low frequencies of 327 and 654 MHz, the telescope will be
pointed at the center of the Moon, and its beam will cover the whole Moon disk. This
pointing strategy had the most biggest collecting area, although it also increases the system
temperature. Considering the relatively high receiver noise, the increasing system noise
will not affect the sensitivity noticeably. For the observations at 1.4 GHz, the telescope
will point at the lunar limb, from where the lunar Askaryan radio emissions could most
possibly escape. In this way, a limb coverage of 30.5% can be achieved.

For a radio telescope with a flat system noise spectrum over the observed bandwidth,
its sensitivity to detect an Askaryan radio pulse (minimum detectable electric field) can be
expressed by Equation (2) [23].

E€min = NU\/kTsysZO/ (Ae fAf) 2)
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where N; is the minimum number of standard deviations needed to reject statistical
noise pulses.

While observing the Moon, suppose the lunar brightness temperature is 230 K; thus,
the system noise temperatures of the radio telescope can be computed according to the beam
width, the antenna efficiency, and the galactic background. They are 123 K at 327 MHz,
129 K at 654 MHz, and 80 K at 1.4 GHz, respectively. Using the system temperatures and
the observed bandwidth at the three frequencies, the sensitivity of the 30 m telescope to
detect an Askaryan radio pulse has been calculated with Formula (2) for a nominal value
N = 3. As shown in Table 1, the observation parameters are listed as well.

Table 1. Observation parameters for the proposed experiment in this paper; frequency and bandwidth
are in MHz.

Pointing fmin fmax Af €min (WV/m/MHz) tops (h)
Center 307 347 40 0.0172 4000 h
Center 610 690 80 0.0126 4000 h

Limb 1350 1450 100 0.0088 2000 h

As mentioned above, the two 30 m telescopes observe the IPS signals for 1-2 h in the
daytime. We planned to use them to observe the Moon at other times to search for the lunar
Askaryan radio pulses. The estimated observation time could be around 2000 h in one year,
and the experiment was expected to last at least three years.

3. Detection Analysis

The lunar Askaryan radio emissions caused by the UHECRs and UHECY interacting
with the Moon have been parameterized in the literature [18-20,23-25]; we used the formula
given in [23-25] to calculate the electric field strength ¢ (uVm~! MHz 1) induced on the
radio telescope.

B 1( Es f 1 s\ 2
(s d.f,6) =845 (102%\/) (GH2> (1 + (f/2.3chz)1-23> (sin(’c)e O

Here, d is the distance between the source point and the detector and Es is the shower

energy in eV. The Cherenkov angle 6c = cos !(1/n), Z = (cosf — cosfc)/ (A, sinb;),
where n is the refraction index of the lunar regolith, is used. The radiation spread-
ing is determined by A, = 0.0754[L(Ey)/fL(Es)] (in radians) and the shower length
is L(E) = 12.7 4 % log(E/Ey), Eg = 10%°eV [18]. Moreover, the Askaryan radio emissions
will be reflected and transmitted at the interface when they escape from the lunar surface.
Therefore, the transmission coefficient should also be taken into account for the calculation
of the electric field intensity.

In this work, the method presented in our previous study [26] was used to analyze the
detection of lunar UHE particles. The basic idea is to determine the aperture size according
to the telescope sensitivity. By integrating the angular aperture A() over the angles at the
lunar surface (85, ¢s) and over the angles (6;, ;) of the cascade shower axis relative to the
normal to this surface, as shown in Figure 4, the analytic aperture A can be calculated for
the specific energy E with Equation (4).

A(E) = AO/ AQ(E, 65 )d cos 0 )

Here, Ay = 2ntR? is the physical area of the lunar hemisphere.
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Figure 4. Schematic view of the radio detection of lunar Askaryan radio emissions with two 30 m
telescopes (left) and beam pointing used for different frequencies (right). In the presented experiment,
the telescope points at the Moon center at the frequencies of 327 MHz and 654 MHz and the Moon
limb at 1.4 GHz.

For the UHE cosmic rays, the hadronic cascades usually occur in the lunar regolith
near the surface. Therefore, only the upper hemisphere (cosf; > 0) has a contribution to the
aperture calculation [26].

AQcr = /cos 0,0[e(E, s, 0) — €min] X O[cos 8,,]d¢@ndcoshy, 5)

where the unit step function ®[e — enin ] only selects the particle events that produce radio
emissions above the threshold value epjn.

The cascades induced by the UHE neutrinos are different from those initiated by the
cosmic rays. Since most of the UHE neutrino cascades are produced very deep inside
the Moon due to the long attenuation length of neutrinos, the attenuation of radio wave
propagation caused by the lunar regolith cannot be neglected, and the contribution of
both the upper and lower lunar hemisphere have to be calculated for the total aperture
analysis [26].

) .
AQ = fosi ln< £ ) x Ole(E, 0s,0) — emin]d@ndcosdy (6)
LvN(Ev) Emin
. ~ 2Rpg|cos b |
a0y = [ ”L“l’jl(lsv)ln(f, ) xe BNE) x @e(E,b5,60) — emin]dgudcosty  (7)
1% min

Here, AQ* and AQ)™ represent the apertures that are contributed by the upper and
lower lunar hemisphere, respectively. ¢ is the radio wave attenuation length. The neutrino—
nucleon interaction length is L, = 122(Ey/ E,,)l/ 3 (km) [23]. It is assumed that only 20%
of the primary neutrino energy goes into the lunar hadronic particle cascade.

Based on the model-independent estimate [27], assuming zero detected events, the
90% confidence limit for the differential (in energy) flux J(E) of primary particles within the
observation time #,,; can be expressed by Equation (8).

dj(E) _ 23
dE  — EA(E)ty,

(®)

In order to calculate the event rates for the UHECRs and UHECY, the aperture size is
multiplied by an isotropic cosmic ray or neutrino flux J(E). During the observation time
tops, the number of detected events in the given energy interval between E; and E; can be
obtained by N = [ topJ(E) A(E)dE.
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3.1. UHE Cosmic Rays

Using analytic integrations of the angular aperture over the lunar surface, the effective
aperture is calculated for the two 30 m radio telescopes at different frequencies. As shown in
Figure 5, the physical aperture illuminated by the telescope increases with the frequency changing
from 327 MHz to 654 MHz. However, the aperture drops greatly at a frequency of 1.4 GHz due
to the low limb coverage. The minimum particle energy, at which the radio emission intensity
observed by the telescope equals the threshold intensity emin, decreases when the frequency rises.
For different frequencies, the effective aperture reaches the peak at different energies.

The flux limits set by the 30 m radio telescope are calculated for three frequencies with
the different observation times. As shown in Figure 5, only the cosmic rays of energy above
9 x 10" eV can be detected at 1.4 GHz by the telescopes, and the energy threshold increases to
4 x 10%° eV at 327 MHz. The results in Figure 5 also show that the observations at 654 MHz of
the 30 m radio telescope have a better sensitivity around 10*! eV among the three operating
frequencies, which is competitive with the large terrestrial radio telescopes such as LOFAR [28]
and SKA Low [29].

1076
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Figure 5. Total aperture (left) and flux limits (right) of UHE cosmic rays for the two 30 m radio
telescopes at different frequencies of 327, 654, and 1400 MHz. Note that the flux limits are calculated
with an observation time of 4000 h for 327 and 654 MHz and 2000 h for 1400 MHz. The flux results
are compared with the flux limits of both SKA Low1 for a 1000 h observation and LOFAR for a 90-day
observation (reproduced from Bray et al. [29]).

With the UHECR flux parametrization given by the Auger Collaboration [3], the
expected event rates are calculated, as shown in Figure 6, for the 30 m radio telescopes
operating at different frequencies. In the energy range between 10'® and 102! eV, the
total detected UHECR events increases for the observations at a higher frequency, and the
detected events mostly lie in the lower energy range with increasing frequency. However,
the total event numbers are less than one.
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Figure 6. The number of detected cosmic ray events for the observations at different frequencies with
the flux parametrization of the Auger Collaboration.
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3.2. UHE Neutrinos

The total apertures of the UHE neutrinos for the radio observations at different fre-
quencies are given in Figure 7. The shape is different from that of cosmic rays due to the
different particle interactions in the lunar regolith. The aperture decreases with rising
frequency, which could be ascribed to the fact that the radiation at a low frequency escapes
from the lunar surface much easier, even if it is initiated by the hadronic cascade in the
deeper lunar regolith. Unlike the cosmic rays, the aperture of the UHE neutrinos increases
over the entire energy range from 10%° eV to 10%* eV without reaching peaks for all the three
frequencies. With increasing frequency, the minimum energy of the detectable neutrino
events drops from 2 x 102! eV to 2 x 10?0 eV.
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Figure 7. Total aperture (left) and flux limits (right) of UHE neutrinos at different frequencies of
327, 654, and 1400 MHz. The flux results are compared with the flux limits of the SKA Low for a
1000 h observation between 100 and 350 MHz and LOFAR for a 90-day observation between 125 and
175 MHz (reproduced from Bray et al. [29]). The blue chain-dotted lines show the predicted fluxes
from the GZK and topological defects (TDs). The green dashed lines show the flux limits set by the
past experiments of IceCube and Auger.

The flux limits of UHE neutrinos for the observations at different frequencies are
compared with other lunar Askaryan experiments in Figure 7, which include the flux limits
of the SKA Low, the LOFAR, IceCube [30] and Auger [6], as well as the predicted fluxes
from the models of the GZK [31] and topological defects (TDs) [32]. The results show that
the experiment in this paper can reach the comparable flux limits with the estimated fluxes
of the SKA Low1 and the LOFAR core.

The expected UHEC~ event rates are computed for the 30 m radio telescopes operating
with the predicted neutrino fluxes from the GZK model, the topological defects (TDs) model,
and the neutrino flux limit set by the experiment of ANITA-II [33]. The results in Figure 8
show that GZK neutrinos are almost not detectable for all the three frequencies. For the
TD neutrinos, the total UHECvy events observed at both 327 MHz and 654 MHz will be
more than one above the energy range of 10!8 eV. With the flux limits set by the ANITA-
II experiment, the expected neutrino events decrease from ~200 at 327 MHz to around
one at 1400 MHz. Due to the low field of view (FoV) of the telescope and high radio
emission attenuation in the lunar regolith, the detectable neutrino event for the observation
at 1.4 GHz is far lower than that of other two frequencies.
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Figure 8. The total number of detected neutrino events with the predicted fluxes for the GZK
neutrinos and topological defects (TDs), the flux limits set by the ANITA-II experiment, and for
different frequencies in this experiment.

4. Summary and Conclusions

In this study, we proposed a lunar Askaryan experiment to detect the UHE cosmic
rays and neutrinos with two 30 m radio telescopes. This experiment will be performed for
several thousand hours per year and is expected to last at least three years; the observation
time is far more than the past experiments.

Using the method of analysis, the sensitivities have been calculated for both UHE
cosmic rays and neutrinos. The results show that the radio observations at 654 MHz and
1.4 GHz have more chances than that of 327 MHz to detect the UHECR events, and the
observations at 327 MHz and 654 MHz have a better sensitivity than that of 1.4 GHz for the
UHE neutrino detection. With the known flux of the UHE cosmic rays, the expected events
in this experiment increase when the frequency rises. In view of this, we could employ
a multibeam feed to enlarge the telescope FoV for the radio observations at 1.4 GHz so
as to further improve the detectability of UHECRs. For the UHE neutrinos, during the
observations in this experiment, it is shown that the GZK neutrinos could not be detected,
while a few TD model neutrino events could be detected at both 327 MHz and 654 MHz.
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