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a b s t r a c t

Radio occultation measurements from the Soviet Luna 19 mission suggest that electron concentrations

above the sunlit lunar surface can be significantly higher than that expected from either the photo-

ionization of exospheric neutrals or any other well-known process. These measurements were used to infer

the electron column concentrations above the lunar limb as a function of tangent height, which surprisingly

indicated peak concentrations of �103 cm�3 at �5 km altitude. It has been speculated that electrically

charged exospheric dust could contribute to such electron populations. This possibility is examined here

using the exospheric dust abundances inferred from Apollo 15 coronal photographs to estimate the

concentration of electrons produced by photo- and secondary emission from dust. These estimates far

exceed the electron concentrations predicted by any other suggested mechanism, and are within a factor of

E20 of those inferred from the Luna 19 measurements. It is possible that this discrepancy is due to an

under-estimate in dust grain capacitances and/or the presence of much higher exospheric dust abundances

during the Luna 19 measurements. These results suggest that electrons emitted from exospheric dust could

be responsible for the Luna 19 measurements, and that this process could dominate the formation and

evolution of the lunar ionosphere.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Soviet Luna 19 and 22 spacecraft conducted a series of radio
occultation measurements to determine the line-of-sight electron
column concentration Ne, or total electron content (TEC), above the
limb of the Moon as a function of tangent height (e.g., Vasil’ev et al.,
1974; Vyshlov, 1976). From these measurements they inferred the
presence of a ‘‘lunar ionosphere’’ above the sunlit lunar surface with
peak electron concentrations ne�500–1000 cm�3 and scale heights
of �10–30 km. These values are broadly consistent with those
inferred from lunar occultation measurements of the Crab Nebula
in which radio waves were refracted in the vicinity of the Moon
(e.g., Elsmore, 1957; Vyshlov and Savich, 1979). These observations
are particularly intriguing, and somewhat controversial, since there
is no well-established physical mechanism for producing such high
electron concentrations in the lunar environment (see review by
ll rights reserved.
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Imamura et al., 2010). Despite the existence of exospheric neutrals
on the lunar dayside (�105 cm�3), the long photo-ionization time-
scales (�10–100 days) combined with rapid ion pick-up by the
solar wind (�1 s) should limit the associated electron concentra-
tions to only �1 cm�3 (Stern, 1999). Other suggested mechanisms
include plasma trapping by lunar crustal magnetic fields (Savich,
1976) and the photoemission of electrons from the surface (Bauer,
1996). More recently, Imamura et al. (2008) speculated that charged
exospheric dust might be accompanied by a substantial population
of electrons.

Lunar exospheric dust exposed to solar ultraviolet (UV), as
considered here, tends to acquire a positive electric charge due to
the dominance of photoemission currents. The photo- and secondary
electrons emitted from dust are expected to have an effective
temperature of only �1–5 eV, so the vast majority of electrons will
not be energetic enough to escape the dust grains’ attractive electric
potential of �5 V (Goertz, 1989). Since these electrons are both
emitted and mostly confined to a region close to the dust grains, we
refer to them as ‘‘dust-electrons’’. Any escaping electrons will either
be picked-up by the solar wind, or captured by neighboring dust
grains. In contrast, lunar exospheric dust in shadow will tend to
acquire a negative charge due to the dominance of plasma electron
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Fig. 1. A sketch of the Luna 19 radio occultation viewing geometry (Not To Scale).
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currents, such that all secondary electrons emitted from the dust
grains will be repelled, and so rapidly escape to be picked-up by the
solar wind.

Here we make the first predictions for the electron concentrations
produced by photo- and secondary emission from exospheric dust
extending to high-altitudes (�10–100 km). This is done using the
line-of-sight dust column concentrations inferred from the lunar
horizon glow detected in Apollo 15 coronal photographs (McCoy,
1976). Therefore, these initial dust-electron predictions are indepen-
dent of any particular exospheric dust transport or ejection mechan-
ism. A comparison with predictions from some of the previously
proposed mechanisms indicates that dust-electrons could be the
dominant contributor to the Luna electron measurements. This
suggests a new paradigm in which exospheric dust can dominate
the formation and evolution of the lunar ionosphere.
2. The Luna radio occultation measurements

The Luna dual-frequency radio occultation, or dispersion
interferometry, experiments involved the simultaneous transmis-
sion of two coherent monochromatic signals from the spacecraft
in lunar orbit toward a receiver on the Earth, as illustrated in
Fig. 1. The wavelengths used were 0.32 m (940 MHz: UHF) and
0.08 m (3.75 GHz: S-band). The reduced phase difference derived
from these measurements is proportional to the electron column
concentration along the line-of-sight between the transmitter and
the receiver (Vasil’ev et al., 1974). As the Luna spacecraft orbited
the Moon, a series of measurements at different tangent heights
(altitudes above the limb) were acquired with each limb traversal
to/from the lunar far side, as observed from the Earth. At tangent
heights 4�50–100 km, there appeared to be no perturbation
from electrons of lunar origin, and so this was regarded as a
measurement of the background due to the Earth’s ionosphere,
interplanetary space (solar wind), and other sources. By compar-
ing the reduced phase difference at lower tangent heights
with this background, it was possible to derive electron column
concentrations through the lunar ionosphere (see Vasil’ev et al.,
1974, for more details). Luna 19 orbited at an altitude of
�140 km, so it was continuously above the detectable part of
the lunar ionosphere, as indicated in Fig. 1.

In order to be detectable using this technique the lunar iono-
sphere must have concentrations greater than the interplanetary
background. Accounting for changes in the Earth’s ionosphere is also
a significant issue, but Vasil’ev et al. (1974) argue that during
undisturbed intervals the variations occur at an almost constant
rate, and so can be easily subtracted.
At the UHF and S-band frequencies used in this experiment, it
is essentially only the plasma electrons that are mobile enough to
respond to the radio waves’ electric field, and thus contribute to
the reduced phase difference. Also, these radio frequencies are
much higher than any resonant plasma frequencies in the lunar
ionosphere (o2.5 MHz), and so the radio waves would not be
reflected.

We focus on the electron column concentrations inferred from
the Luna 19 radio occultation measurements acquired on 11 June
1972 by Vasil’ev et al. (1974), which are reproduced in Fig. 2a and
hereafter referred to as the Luna 19 measurements. These
observations occurred above a limb tangent point on the Moon
with selenographic coordinates of �401S, 96.31E, corresponding
to a solar zenith angle SZAE891 near the sunrise terminator.
These measurements were selected because: (i) they had the best
available estimate of uncertainties; (ii) the tangent point was
close to the sunrise terminator, and so could be readily compared
with the Apollo 15 exospheric dust observations; and (iii) they
were reasonably representative of all the Luna 19 and 22
observations. The Earth’s ionosphere was likely quiet during this
interval, as indicated by a low /KP indexS (see Table 1), while the
detection threshold appeared to be relatively high at �1010 cm�2.
The Luna 19 and Apollo 15 measurements both occurred when the
Moon was in the solar wind (see Fig. 2b); this is relevant since the
charging (and possibly the transport) of exospheric dust is depen-
dent on plasma conditions (Goertz, 1989; Stubbs et al., 2006).
3. Comparison between Luna 19 and Apollo 15 line-of-sight
measurements

For this comparison we use exospheric dust column concentra-
tions Nd inferred from the lunar horizon glow detected in Apollo 15
coronal photographs taken above the sunrise terminator (see Fig. 1
from McCoy, 1976). The dust column concentrations, hereafter
referred to as the Apollo 15 measurements, are calculated assuming
scattering by monodisperse dust grains with radii a¼0.1 mm, as
shown in Fig. 3a by black circles and lines (see McCoy, 1976, for
more details). Tangent heights were estimated using the solar
elongation angles in Table 5 of McCoy (1976), the known pointing
geometry, and the mean orbital altitude of 110 km for the Apollo 15
command module. No quantitative estimates of the uncertainties
were provided in the McCoy (1976) analysis, but the Apollo 15
measurements should clearly be regarded as order-of-magnitude
estimates.

In order to understand the processes involved with these
phenomena, and readily convert between column and volumetric



Table 1
Average conditions for the Earth’s magnetosphere/ionosphere (KP index) and solar

UV (F10.7 index).

Mission Observation interval /KPS /F10.7S

Luna 19 11 June 1972E05:00–09:00 UT r1 143.2

Apollo 15 31 July 1971E18:43 UT 4� 113.2

Kaguya 14 Sept 2007–10 June 2009 E1þ E70

Space age 1964–2009 E2þ E125

Fig. 2. (a) Electron column concentrations Ne inferred from Luna 19 radio

occultation measurements with estimated uncertainties (Vasil’ev et al., 1974)

and (b) location of the Moon in the ecliptic plane during the Luna 19 and Apollo 15

observations. Dotted circles show the lunar orbit range, and dashed lines represent

the magnetopause (inner boundary) and bow shock (outer boundary) under

typical conditions – this indicates that the Moon was in the solar wind for both

these observations.
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concentrations, it is extremely useful to fit functional forms to
these measurements. To a good approximation, we find that the
exospheric dust concentrations inferred from the Apollo 15
measurements decrease exponentially with altitude z, such that

ndðzÞ ¼ nd0 exp �
z

Hd

� �
; ð1Þ

where nd0 is the concentration at the surface, and Hd is the scale
height for exospheric dust.

From Eq. (1) we can derive an analytical solution for the dust
column concentration along a tangential line-of-sight. By follow-
ing a similar approach to Collier and Stubbs (2009), it can be
shown that

z¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þðRLþhÞ2

q
�RL � hþ

x2

2ðRLþhÞ
, ð2Þ

where h is tangent height and x is the distance along the
tangential line-of-sight, as illustrated in Fig. 1. We are able to
use the approximation in Eq. (2) since the path length through the
layer of exospheric dust is much smaller than the lunar radius
RL¼1738 km. For scale heights of �10–20 km, the effective path
length will be only be a few hundred km at most, so the
requirement that x5RL is always satisfied. If we assume that
the exospheric dust distribution is spherically symmetric about
the center of the Moon, at least along the tangential line-of-sight,
then we can substitute Eq. (1) into (2) to derive the dust column
concentration,

NdðhÞ ¼ nd0 exp �
h

Hd

� �Z 1
�1

exp �
x2

2HdðRLþhÞ

� �
dx

¼ nd0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pHdðRLþhÞ

p
exp �

h

Hd

� �
: ð3Þ

In Eq. (3) we can integrate to infinity since the contribution to
Nd(h) from dust at 9x9 greater than a few hundred km is negligible
(see Chamberlain, 1978). Using Eq. (3), we find a good fit to the
McCoy (1976) estimates using nd0¼0.1 cm�3 and Hd¼15 km
(dashed line in Fig. 3a), which we refer to as the Apollo 15
fit Nd_A15.

Now we address the critical step of converting between dust
and dust-electron concentrations. Dust grains in the lunar
exosphere can be exposed to solar UV and various space plasma
populations, which cause them to become electrically charged
(Goertz, 1989). For the size and concentration of dust grains
considered here (aE0.1 mm and ndo�0.1 cm�3), we can assume
that they are much smaller than both the inter-grain distance d

and the local Debye length lD (i.e., a5d5lD). This, combined
with an assumption that the dust grains are spherical, means that
the charge on each dust grain is given by

qd ¼ Cdfd ¼ 4pe0afd, ð4Þ

where fd is the potential difference between the grain and
surrounding plasma (not necessarily in equilibrium) and Cd is
the capacitance of the dust grain (Goertz, 1989). It should be
appreciated that a spherical grain shape gives the minimum
capacitance per unit volume (or unit mass), and that even the
very smallest grains in the lunar regolith can be highly irregular in
shape (e.g., Park et al., 2006). This means that Cd¼4pe0a should be
regarded as a lower limit for dust grain capacitance, since grains
with more realistic shapes could hold much more charge for a
given fd.

Since the dusty plasma must be quasi-neutral, there will be
sufficient ambient electrons/ions to balance the charge accumulated
by the dust grains. Any dust present during the Luna 19 and Apollo
15 measurements would have been exposed to both solar UV and
solar wind plasma, which, in equilibrium, would have charged it to
fd�5 V positive and caused it to be surrounded by a cloud of at
least �350 mostly photo-emitted electrons (Whipple, 1981).

We note that collective charging effects in this case can be
neglected because: (i) the dominant charging current is due to



Fig. 3. (a) Exospheric dust column concentrations Nd inferred from Apollo 15

coronal photography (black circles and lines) by McCoy (1976). Dashed line shows

a fit using Eq. (3). (b) Dust-electron predictions Nde (dashed lines) with estimated

uncertainties (gray shading) compared with the Luna 19 data Ne (black dots) and

Luna 19 fit NLe (solid line).
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electrons emitted from the dust grains, as opposed to those
collected from the ambient plasma (Goertz, 1989); and (ii) the
inter-grain distances (d4�2 cm) are much greater than the grain
radii (dba). Since the dust grain potential decreases as �a/r,
where r is radial distance (Whipple, 1981; Goertz, 1989), the
emitted dust-electrons effectively shield the charge on each dust
grain within distances of just several grain radii. This means that
from a charging perspective, the dust grains can be treated as
being isolated from one another.

Using Eqs. (3) and (4), the column concentration of dust-
electrons is

NdeðhÞ ¼
4pe0

e
a/fdSNdðhÞ; ð5Þ

where /fdS is fd averaged along the line-of-sight, which
implicitly acknowledges that there will be variations due to the
individual charging history of each dust grain. For this initial
analysis, we assume that /fdS and a do not to vary with h, and
that Nd¼Nd_A15.

The dashed line in Fig. 3b shows the Nde predictions calculated
using Eq. (5) with /fdS¼5 V. The gray shading represents the
estimated order-of-magnitude uncertainties associated with both
the assumptions used in the dust-electron predictions and the
unknown variations inherent when comparing the different dust
populations present during the Apollo 15 and Luna 19 measure-
ments, which were acquired almost a year apart. The black dots
show the Luna 19 measurements, and the solid line is a fit to
those measurements assuming an altitude profile for the electron
concentration of,

nLeðzÞ ¼ nLe0 exp �
z

HLe

� �n� �
; ð6Þ

where n is a dimensionless parameter, nLe0 is the concentration at
the surface, and HLe is a ‘‘scaling’’ height (distinct from Hd defined
earlier). We find a good fit within the error bars using n¼3,
nLe0¼950 cm�3 and HLe¼25 km, which we refer to as the Luna
19 fit.

From this initial comparison, it appears that the Luna 19
measurements are a factor of E20 greater than our Apollo 15
dust-electron predictions. Since we would not usually expect
either a or /fdS to vary significantly from our assumed values
of 0.1 mm and 5 V, respectively, this suggests that the difference is
more likely due to some combination of an under-estimation of
the typical dust grain capacitance in Eq. (4), and exospheric dust
being much more abundant during the measurements by Luna 19
than during those of Apollo 15 (see nd0 in Eq. (1) and Eq. (3)).
Given the highly variable nature of the space environment at the
Moon – and the significant uncertainties involved with this
measurement comparison – an inferred factor E20 variation in
exospheric dust concentrations alone seems plausible.

Above hE15 km, the Luna 19 measurements decrease more
rapidly with tangent height than the dust-electron predictions,
which could be due to a decrease in a and/or /fdS with altitude.
A decrease in /fdS could indicate that during the ejection
process dust grains acquire a large positive potential from either
tribo-electrification or some other mechanism, which is then
reduced as they tend to a lower equilibrium potential in the solar
wind. The precise details would depend on many factors, includ-
ing dust charging timescales (Whipple, 1981). Another possible
mechanism for ejecting positively charged dust could be asso-
ciated with steep slopes near the lunar terminator that charge to
positive potentials due to the increased incident solar UV flux and
photoemission currents. However, the Luna 19 measurements do
not appear to be consistent with dust charging from impact-
generated plasmas (Horányi et al., 2009), which would tend to
charge the dust negative unless the secondary emission yield
is 41.
4. Electron concentrations in the lunar exosphere

In Fig. 4 we convert to volumetric concentrations in order to
compare our predictions for dust-electrons and the Luna 19 fit with
the typical solar wind background of 5 cm�3, and two of the other
suggested mechanisms: photo-ionization of exospheric neutrals and
photoemission from the surface. Since argon is the most abundant
exospheric specie at sunrise (Stern, 1999), we have assumed that it
dominates the production of electrons from the photo-ionization of
exospheric neutrals (see Vondrak, 1992). At SZAE891, the surface
will likely have been charged �10–100 V negative (Halekas et al.,
2008). The concentration of photoelectrons was calculated assuming
a surface potential of 30 V negative and lD¼10 m (Nitter et al.,
1998). These two estimates likely represent typical upper limits.



Fig. 4. Predicted electron concentrations in the lunar exosphere due to: photoemission from the lunar surface (gray dotted line); photo-ionization of exospheric neutrals

(black dashed line); typical background solar wind (black dotted line); dust-electrons based on Apollo 15 dust measurements (dashed lines) with estimates uncertainties

(gray shading), and the fit to the Luna 19 measurements (black solid line). These results suggest that dust-electrons are the most likely cause of the Luna 19 measurements.
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The order-of-magnitude comparison presented in Fig. 4
strongly suggests that dust-electrons are a more plausible source
for the electrons measured by Luna 19 than either the photo-
ionization of exospheric neutrals or photoelectrons from the
surface. In fact, the electrons produced by these other processes
would be undetectable by the radio occultation technique. Sec-
ondary electrons emitted from the surface would have the same
altitude profile as the photoelectrons and comparable concentra-
tions, so this is also unlikely to be a significant source.
5. Discussion

In this section we briefly discuss some of the other relevant
observations and mechanisms, as well as possible consequences
for a lunar ionosphere dominated by dust-electrons.

Some of the electron concentration profiles inferred from Luna
19 and 22 observations indicated that the peak concentration
could occur well above the surface; e.g., the Luna 22 observations
on 17 August 1974 indicated a peak at �25 km altitude (Vyshlov,
1976). In this case, the tangent point (SZAE941) was �4 km
below the lunar sunlight/shadow boundary, so the radio signals
would have partially traversed the Moon’s shadow where there is
no solar UV to produce photo-emitted dust-electrons. This would
have the greatest effect at the smallest tangent heights, which
would explain the apparent decrease in electrons close to the
surface. Therefore, these observations are consistent with the
dust-electron model.

An important mechanism that we have not considered here is
the trapping of electrons produced by the photo-ionization of
exospheric neutrals in crustal magnetic fields with strengths at
the surface of �100 nT and scale sizes of �100 km. Savich (1976)
suggested that this could explain concentrations of �103 cm�3 at
altitudes of up to 10 km; however, given the assumed magnetic
field configuration, production rate of exospheric ions and uncer-
tainties in trapping efficiencies, this suggestion could be an
over-estimate by a factor of �100–1000. Even though a crustal
field associated with Abel crater at �301S, 901E (Richmond and
Hood, 2008) has been detected about �350 km from the Luna 19
tangent point, it probably had a negligible influence on the
measurements.

Electron populations similar to the Luna 19 measurements
have so far evaded direct detection, despite Lunar Prospector (LP)
having reached altitudes of E17 km. This is likely because the LP
Electron Reflectometer (ER) energy threshold was �7 eV at best,
which is well above the electron energies expected for either
photoemission (�2 eV) or secondary emission (�5 eV) from
lunar dust, and so any ambient dust-electrons would have been
undetectable. In addition, the lower ER energy channels would
have been swamped by photoelectrons from LP when in sunlight
(Halekas et al., 2008).

Preliminary results indicate that the electron concentrations
inferred from the radio occultation measurements by Kaguya
were lower than those inferred from the Luna missions, with
temporal variations in the Earth’s ionosphere representing the
most significant source of uncertainty (Imamura et al., 2010).
From Table 1, we note that the F10.7 index (solar UV proxy) was
particularly low during the Kaguya mission, since it coincided
with an exceptionally quiet solar minimum. This indicates that
photoemission would have been weaker – and the associated
photoelectron concentrations reduced – compared with the Luna
and Apollo observations. In addition, this could have resulted in a
decrease in dust lofting activity (Stubbs et al., 2006), thus
contributing to a further reduction in dust and dust-electron
concentrations. The preliminary Kaguya results possibly suggest a
tendency toward higher concentrations at lunar sunrise (Imamura
et al., 2008). Such a tendency would also be consistent with a
dust-electron source, since analyses of both the Apollo 17 LEAM
measurements and Apollo coronal photographs have indicated
greater exospheric dust activity around sunrise than sunset (Berg
et al., 1976; Glenar et al., 2011).

There could be other consequences related to the presence of
charged dust and dust-electrons in the lunar exosphere, such as
mass loading of the ambient plasma flow that would locally
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reduce the flow velocity and compress the magnetic field.
Exospheric dust could also act as a source of sputtered neutrals
and ions, which would represent another source of electrons.
6. Conclusions

Dust-electrons produced by photoemission and secondary
emission from exospheric dust could well be responsible for the
high concentrations of electrons inferred from the radio occulta-
tion experiments on Luna 19 and 22. The dust-electron predic-
tions discussed here significantly exceed reasonable estimates for
any of the other suggested mechanisms. They also suggest that
exospheric dust concentrations during the Luna 19 electron
measurements could have been up to a factor of E20 higher
than during the Apollo 15 dust measurements.

The dust-electron model is able to maintain much higher
electron concentrations compared with other mechanisms
because the electric field local to a positively charged dust grain
(�fd/a) dominates over the plasma convection electric field,
which means that most dust-electrons are recycled and very
few are lost to the ambient plasma. This model is also consistent
with the inferred Luna electron populations only being present in
sunlight (Vasil’ev et al., 1974), since in shadow dust grains
become electron collectors as opposed to electron emitters
(Goertz, 1989; Farrell et al., 2009). These results suggest a new
paradigm in which exospheric dust can dominate the formation
and evolution of a highly variable lunar ionosphere.

Charged dust and dust-electron signatures could be present in
other lunar datasets, and may be detectable by future missions
such as ARTEMIS and LADEE. However, to fully understand the
lunar ionosphere will require further orbital and landed experi-
ments, such as simultaneous radio occultation and multi-wave-
length optical measurements to constrain the size, concentration
and charge state of the exospheric dust population.
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