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The electron density profiles above the lunar surface will be observed by the radio occultation technique during
the SELENE mission using the Vstar sub-satellite. Previous radio occultation observations have indicated the
existence of an ionosphere with densities of up to 1000 cm−3 above the dayside lunar surface. The measured
densities are difficult to explain theoretically when the removal of plasma by the solar wind is considered, and thus
the generation mechanism of the lunar ionosphere is a major issue, with even the validity of previous observations
still under debate. The SELENE radio science experiment will establish the morphology of the lunar ionosphere
and will reveal its relationship with various physical conditions to provide possible clues to the mechanism.
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1.

Introduction

Charged particles that are present near the lunar surface
are mostly the result of the interaction of the solar ultraviolet radiation and the solar wind with the lunar atmosphere
and regolith (Stern, 1999). Very near the dayside surface a
photoelectron sheath with a density of the order of 104 cm−3
and a height of a few hundred meters exists (Reasoner and
Burke, 1972; Walbridge, 1973). Above this layer is an ionosphere, whose density is generally thought to be on the order of 1 cm−3 in the range from the surface to 100 km altitude (Stern, 1999). This ionosphere is probably produced
by the photo-ionization of the tenuous neutral atmosphere
(exosphere), which is composed mostly of Ar, Ne and He
with a density of ∼105 cm−3 on the dayside (Hodges et
al., 1974). The process that may prevent the accumulation of newly produced ions near the lunar surface is the
impingement of the solar wind magnetic field on the lunar
surface, which induces an electric field that sweeps away
ions (Johnson, 1971; Hodges et al., 1974). The timescale
of this sweeping out process is given by the lunar radius
divided by the solar wind speed, which is of the order of
1 s (Bauer, 1996), although this estimate may not apply to
ions heavier than protons due to their large gyro radii. The
high temperatures of photoelectrons compared to those of
ions produce the Rosseland electric field, which also drags
plasma away (Daily et al., 1977).
In contrast to these studies are several radio occultation
experiments performed with radio stars, in which the radio sources showed large angular shifts when they were
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occulted by the dayside lunar limb (e.g., Elsmore, 1957;
Andrew et al., 1964). These angular shifts can be explained by the refraction of radio waves in the lunar ionosphere, provided that the ionosphere has electron densities
of ∼1000 cm−3 and a thickness of several tens of kilometers (Vyshlov and Savich, 1979). Dual-frequency radio occultation experiments conducted with the Soviet Luna
19 and 22 spacecraft also detected large electron densities near the dayside lunar surface (Vasilyev et al., 1974;
Vyshlov, 1976; Vyshlov et al., 1976; Vyshlov and Savich,
1979). In radio occultation experiments, observed from
a tracking station on the Earth, the spacecraft goes behind the lunar plasma layer and then behind the lunar disk,
and reemerges in the reverse sequence. The plasma layer
causes a time-dependent phase shift in the radio signal,
from which the total electron content along the ray path can
be retrieved. Under the assumption of spherical symmetry,
Vyshlov (1976) obtained peak electron densities of 500–
1000 cm−3 at heights of 5–10 km, with a gradual decrease
at higher altitudes with a scale height of 10–30 km and also
a decrease toward the surface. Daily et al. (1977) argued
that these electron densities are extremely high and might
be an artifact of the analytical technique. Bauer (1996) attributed them to the effect of the photoelectron sheath.
Savich (1976) argued that remnant magnetic fields might
stand off the solar wind to allow the accumulation of plasma
near the lunar surface. He suggested that if ions are trapped
by the local magnetic field near the surface but the condition for mirroring is not fulfilled, then letting the neutral
particle density be ∼106 cm−3 , the ionization rate per particle be ∼10−6 s−1 , and the mean lifetime of ions be ∼400 s,
the equilibrium ion density would be ∼400 cm−3 . He also
suggested that if particle reflection does occur, the ion life-
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Fig. 1. Schematic of the radio science experiment using Vstar sub-satellite in the SELENE mission.

time would then be limited by the curvature drift time scale
of ∼8000 s and the coefficient of trapping of ∼0.2, and the
equilibrium ion density would reach ∼1600 cm−3 . Remnant magnetic fields have been found on the lunar surface
by the Apollo and Lunar Prospector missions (Lin et al.,
1988, 1998); the field intensities reaching ∼300 nT on spatial scales up to 1000 km. Numerical experiments demonstrated that such local magnetic fields can stand off the solar
wind to create mini-magnetosphere systems near the surface (Harnett and Winglee, 2000). Futaana et al. (2003)
used Nozomi ion spectrometer data and found protons that
may have been reflected by a mini-magnetosphere system.
Other explanations are also feasible. Daily et al. (1977)
argued that the release of abundant neutral Ar from the
lunar surface near the sunrise terminator would enhance
ionization; the Luna 19 and 22 occultation measurements
on the dayside of the moon were all made near the sunrise
terminator. Stubbs et al. (2006) suggested that charged dust
grains near the lunar surface could be accelerated upward
by the near-surface electric field and reach high altitudes,
thereby explaining the scattering of the sunlight above the
horizon at the terminators observed by the Apollo landers
and astronauts in orbit. Such charged dust clouds might be
accompanied by substantial numbers of electrons.
In summary, the possible existence of the ionized layer
above the lunar surface might be attributed to the effect
of the remnant magnetic field, to certain processes that
enhance the neutral gas concentration, or to charged dust
grains that are lifted up by the near-surface electric field.
The radio science (RS) experiments in the SELENE (SELenological and Engineering Explorer) mission will provide opportunities to systematically study this ionized layer
to examine its existence and to understand the generation
mechanism (Oyama et al., 2002; Nabatov et al., 2003). The
following sections describe the method of observation.

2.

Observation Sequence

The SELENE spacecraft will be launched in the summer of 2007 and inserted into a moon-encircling orbit after
spending a few weeks in a phasing orbit around the Earth.
Two sub-satellites, Rstar and Vstar, will be separated from
the main orbiter after the lunar orbit insertion. Both Rstar
and Vstar carry radio sources for the VLBI experiments,
and Rstar also relays 4-way communication between the
main orbiter and the ground station. We will utilize the coherent S-band (2.218 GHz) and X-band (8.456 GHz) signals
transmitted from Vstar for the radio science investigation of
the lunar ionosphere (Fig. 1).
Vstar is a spinning spacecraft with a mass of 45 kg and a
size of 1×1×0.65 m. The spin axis is roughly perpendicular to the equatorial plane, and an omni antenna is oriented
along this axis, providing a continuous link with the ground
station. The attitude of the spacecraft is expected to be stable for over a year. The spacecraft will be put into a polar
orbit with a period of ∼153 minutes, a periapsis altitude of
100 km and an apoapsis altitude of 800 km. Because of
the synchronization of the rotation with the revolution of
the moon, only the area in the vicinity of the lunar limb as
seen from Earth is accessible by radio occultation. The size
of the accessible area is determined by the liberation of the
moon and will amount to ∼10% of the lunar surface in total.
The transmission power will be 0.1 W and the transmitted
waves will not be modulated. The frequency of the transmitted wave will change with temperature by ∼300 Hz K−1
in the S-band and by ∼1000 Hz K−1 in the X-band due to
the change in output frequency of the common frequency
source. Although this oscillator is not very stable, the dualfrequency method enables us to remove the influence of this
frequency fluctuation as will be described later.
The S- and X-band signals transmitted by Vstar will be
received by the 64-m antenna at the Usuda Deep Space
Center (UDSC) in Japan. The received signals will be
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converted to ∼20 kHz by an open-loop heterodyne system
stabilized by a hydrogen maser (Allan deviation < 3×10−13
for 1 sec, < 3×10−15 for 1000 sec), followed by digitization
with a sampling rate of 80 kHz. Signals will be recorded for
10–20 minutes just before each ingress occultation and just
after each egress occultation. Given the typical transverse
velocity of the ray path of ∼1 km sec−1 in the course of
the orbital motion of Vstar, the time needed to probe the
whole lunar ionosphere of ∼50 km thickness is ∼1 minute.
The opportunities of observations will be determined not
only by orbital dynamics of the satellites but also by the
schedule of other tracking operations at UDSC; the total
number of observations during the 1-year nominal mission
will be about 50. Further observations are planned for the
extended mission period, depending on the condition of the
spacecraft.

3.

Method of Analysis

Although the onboard oscillator is not very stable, taking a linear combination of the phases in the two coherent
bands will enable us to distinguish the plasma contributions
from the fluctuation in the oscillator output frequency (e.g.,
Oyama et al., 2001). The frequency fluctuations in the two
bands that are generated from a common oscillator will be
synchronized and have magnitudes that are proportional to
their nominal frequencies. The difference in the temperature fluctuations at the onboard phase-locked loops for the
two bands may cause errors that cannot be removed by the
linear combination; however, such fluctuations are expected
to have time scales longer than 1000 s and will not distort
the measurements which have much shorter time scales.
The time-dependent phase shift in the S-band, φS (t),
and that in the X-band, φX (t), which are measured with
respect to the phase variation for the plasma-free case based
on the orbital information, can be expressed as
α
Ne (t) + β f S ,
c fS
α
φX (t) =
Ne (t) + β f X ,
c fX
φS (t) =

This relationship will enable us to derive Ne (t) from the
observed phases without being disturbed by fluctuations in
the oscillator output frequency.
In the region where the contribution of the lunar ionosphere is virtually absent, i.e. at altitudes above 50 km, a
gradual variation caused by the terrestrial ionosphere will
be observed. This variation will be extrapolated into the
near-moon portion and subtracted from the observed one,
thereby eliminating the influence of the terrestrial ionosphere to some extent. The resultant Ne (t) will be converted
to a function of the altitude above the surface using orbital
information. The vertical profile of electron density will be
calculated assuming spherical symmetry of the ionosphere.
The φS (t) and φX (t) will be retrieved from the
recorded signal in the following manner (Imamura et al.,
2005). First the approximate carrier frequency will be determined for successive time blocks by fitting a theoretical
signal spectrum to the discrete Fourier transform of the voltage variation in successive blocks (Lipa and Tyler, 1979).
Next polynomial functions will be fitted to the frequency
time series above, and the resultant frequency variation corresponding to the polynomial will be subtracted from the
original signal by heterodyning. In the course of the data
reduction, the signal will be bandpass-filtered repeatedly
to increase the signal-to-noise ratio, and at the same time
decimated. This filtering scheme automatically converts the
data to a complex representation, in which each datum comprises both the amplitude and phase of the signal. The lownoise signal, after filtering, will yield the phase by removing
cycle slips via the phase unwrapping procedure (Mizuno et
al., 1992). The sum of the phase variation in this final product and the phase variation that has been subtracted via heterodyning in the course of the processing will give the total
phase shift.

4.
(1)
(2)

where α = e2 /8π 2 ε0 m e ∼ 40.3 m3 s−2 with e, ε0 and
m e being the elementary charge, dielectric constant in vacuum and electron mass, respectively, c the speed of light in
m s−1 , f S and f X the nominal frequencies of the S- and Xband, respectively, Ne (t) the time-dependent electron column density along the ray path in m−2 , and β the sum
of proportionality constants. These phases are expressed
in units of cycles. The first terms on the right-hand-sides
of (1) and (2) represent the contribution from the plasma
along the ray path, and the second terms represent the sum
of several effects, i.e., the fluctuations in the oscillator output frequency, the influence of the terrestrial neutral atmosphere the refractive index of which is independent of the
frequency, and the effects of the uncertainties in orbital motions on the Doppler shift. The differential phase δφ(t) is
defined to be a linear combination of (1) and (2):


1
fS
α
1
δφ(t) = φS (t) −
·Ne (t).
φX (t) = f S
−
fX
c
f S2
f X2
(3)
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Accuracy of Measurement

The required accuracy for Ne is taken to be σ N = 6 ×
1013 m−2 , which is about 20% of the column density of
∼ 3 × 1014 m−2 observed by Luna 19 and 22 (Vyshlov
and Savich, 1979). Then, from (3), the required accuracy
for δφ is σδφ ∼ 0.021
√ radian, giving the required accuracy for φS of√σδφ / 2 ∼ 0.015 radian and that for φX
of ( f X / f S )σδφ / 2 ∼ 0.054 radian. Letting the required
vertical resolution be 1 km, the temporal resolution of the
measurement should be better than 1 s, giving the required
bandwidth of B = 1 Hz. Since the accuracy in phase φ
is related to the carrier-to-noise density ratio (C/N0 ) of the
received signal, CNR, by φ = (2CNR/B)−0.5 , the required CNR for the S- and X-band can be calculated to be
∼34 dB Hz and ∼22 dB Hz, respectively. These values
are achievable according to the link budget analysis for the
mission.
The most serious source of error is the density fluctuation
in the terrestrial ionosphere. Noguchi et al. (2001) studied the root-mean-square (rms) of the total electron content (TEC) fluctuation with periods of 1–10 minutes over
UDSC, as a function of season and local time, using the
GPS (Global Positioning System) TEC data with a sampling interval of 30 s. They showed that the hourly-averaged
rms is of the order of 1014 m−2 which is a similar value to
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the lunar electron content integrated along the ray path, except for the nighttime in summer and the daytime in winter
where the rms reaches ∼1015 m−2 . They also suggested
that nighttime in winter is the most suitable time for occultation measurements. The probability of detection cannot
be estimated based on this study, however, due to the coarse
sampling in the GPS TEC data compared to the timescale
of the lunar occultation measurements. Recently GPS TEC
data have become available for sampling every second; using such data the contribution of the terrestrial ionosphere
will be monitored and subtracted from radio occultation results except under highly disturbed conditions.

5.

Conclusions

Radio occultation observations conducted in the 1960s
and 1970s using natural radio sources and spacecraft indicated the existence of a lunar ionosphere with densities of
∼1000 cm−3 and a thickness of several tens of kilometers
near the dayside lunar surface. This ionospheric density is
difficult to explain using existing theories when the removal
of plasma by the solar wind is considered; the predicted
densities are on the order of 1 cm−3 . The roles of remnant
magnetic field, the sporadic supply of neutral gases and suspended dust have been proposed; however, the limited observational data do not allow close investigations of specific
processes that may increase electron density. Even the reliability of the previous observations is still under debate. The
systematic measurements proposed for the SELENE radio
science experiment using the Vstar sub-satellite will establish the morphology of the lunar ionosphere and reveal its
dependence on the remnant magnetic field, solar incident
angle, and solar wind conditions, thereby providing clues
to the generation mechanism of the ionosphere.
Instruments onboard the SELENE main orbiter will provide additional information to aid the interpretation of the
radio science results. The Lunar Magnetometer (LMAG)
will map the remnant magnetic field and also monitor the
magnetic field of the solar wind and the terrestrial magnetosphere near the moon. The Plasma energy Angle and Composition Experiment (PACE) will observe the energy distributions of electrons and ions directly. The Charged Particle
Spectrometer (CPS) will observe local gas ejections, which
may lead to an increase in ionization, and will also monitors
incident energetic particles, which sputter charged particles
from the lunar surface. The combination of these measurements together with radio science investigation should result in an unprecedented detailed analysis of the lunar electromagnetic environment.
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