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A B S T R A C T

In order to observe the lunar sodium exosphere out to one-half degree around the Moon, we designed, built and
installed a small robotically controlled coronagraph at the Winer Observatory in Sonoita, Arizona. Observations
are obtained remotely every available clear night from our home base at Goddard Space Flight Center or from
Prescott, Arizona. We employ an Andover temperature-controlled 1.5 Å wide narrow-band filter centered on the
sodium D2 line, and a similar 1.5 Å filter centered blueward of the D2 line by 3 Å for continuum observations.
Our data encompass lunations in 2015, 2016, and 2017, thus we have a long baseline of sodium exospheric
calibrated images. During the course of three years we have refined the observational sequence in many respects.
Therefore this paper only presents the results of the spring, 2017, observing season. We present limb profiles
from the south pole to the north pole for many lunar phases. Our data do not fit any power of cosine model as a
function of lunar phase or with latitude. The extended Na exosphere has a characteristic temperature of about
2250–6750 K, indicative of a partially escaping exosphere. The hot escaping component may be indicative of a
mixture of impact vaporization and a sputtered component.

1. Introduction

Sodium is only a trace element in the lunar exosphere, but of all the
constituents in that exosphere, only sodium and potassium can be ob-
served from Earth. The sodium emission is sufficiently intense that the
spatial distribution can be observed at large distances about the Moon,
typically greater than one lunar radius. Sodium can be seen in exo-
spheres throughout the solar system, allowing inter-comparisons not
possible with other atomic species. At least four mechanisms (sput-
tering, impact vaporization, thermal desorption, and photon-stimulated
desorption) can eject this exospheric sodium from the surface, but their
relative importance is not understood. The yield from two of these
processes, sputtering and impact vaporization, depend on external
fluxes: meteoroids, transient photon events, and transient ion events
such as coronal mass ejections, plasma sheet crossings, and surface
charging. The energy spectrum, and hence, the spatial distribution of
sodium is different for each source process, thus observations along a
single line of sight will not be definitive. The other important unknown

is the surface interaction, including adsorption energy. A small set of
observations obtained over a few observing runs cannot distinguish the
importance of these processes in producing the sodium in the lunar
exosphere. In addition to source processes, the loss through sticking is
highly controversial. The variation with lunar phase can help to un-
tangle these processes along with models.

Each mechanism proposed as a source for the lunar exosphere will
produce ejecta characterized by a given temperature, spatial distribu-
tion and temporal variability. The general characteristics of each pro-
cess are:

• Thermal desorption, characterized by the temperature of the sur-
face;
• Photon-stimulated desorption, characterized by a temperature about
1200 K with a dependence approximately on the cosine of the solar
zenith angle;
• Ion-sputtering, characterized by a hot, non-thermal velocity dis-
tribution and a having cosine dependence on the angle of the surface
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element with respect to the solar wind normal and a possible tem-
perature dependence; and
• Meteoroid impact vaporization, probably characterized by a
Maxwellian distribution at 3000–5000 K, with a maximum at the
planetary ram direction, varying with periodic meteor shower
events and sporadic events.

Wide angle narrow-band imaging of the Moon's extended corona
was pioneered by Mendillo et al. (e.g. Baumgardner and Mendillo,
2009; Mendillo and Baumgardner, 1995; Mendillo et al., 1997). The
existence of an extended lunar atmosphere at full moon was found by
Mendillo et al. (1999), while Potter and Morgan (1994) found a de-
clining near-moon exosphere as the moon traverses the Earth's mag-
netospheric lobes. Our observations, including high altitude data and a
long baseline, were designed to distinguish between source processes
and loss processes that produce a low altitude exosphere and those that
produce the extended corona. A long-term program of observations to
study the Moon's exosphere at both low altitudes and simultaneously at
extended distances is necessary to produce a data set with the temporal
coverage required, during a period of increasing solar activity, with
which the importance of each of these processes can be determined. The
importance of transient or episodic events in the production of the
exosphere, including meteoroids (Szalay and Horanyi, 2016), solar
wind influx (Mendillo et al., 1999; Sarantos et al., 2010), plasma sheet
crossings (Wilson et al., 2006) and transient ion events such as coronal
mass ejections can only be determined with a dedicated instrument
giving a long baseline of observations (e.g. Barbieri et al., 2002; Smith
et al., 2001).

In the past, observing campaigns have been undertaken to in-
vestigate the importance of some of these processes (e.g., Sprague et al.,
1998). Observations were taken during the Leonid meteor showers of
1997 (Hunten et al. 1998; Wilson et al., 1999), and the Perseid shower
of 2009 (Berezhnoy et al., 2014) to test the importance of impact va-
porization by meteors. Observations of the lunar exosphere both out-
side and inside the Earth's magnetosphere were used to determine the
importance of solar wind sputtering (Potter et al., 2000). Potter and
Morgan did a statistical study using many non-consecutive data sets
spanning the period 1988–1993, including phases from quarter, gib-
bous to full moon. Sarantos et al. (2010) reanalyzed this work to re-
move effects due to different lunar phases, and to include available
solar wind data where possible (Figs. 5 and 6). Sarantos et al. (2010)
collected all published measurements of lunar sodium and used this
collection to test the relative importance of PSD, particle sputtering,
and meteoroid impact for production of the sodium exosphere.

2. Description of the instrument

The lunar coronagraph was custom-designed by Claude Plymate and
Roy Tucker. We employ off-the-shelf software primarily designed for
amateur astronomers. The coronagraph is attached to a 101mm re-
fracting telescope (Televue NPF-4056 NP-101 f/5.4 APO refractor)
which is operated remotely using the SkyX™ Professional software from
Software Bisque. Seven different possible occulting disks, including an
open disk, are housed on a rotary stage. In addition we have a 1.5 Å
bandpass filter centered at 588.995 Å purchased from Andover
Corporation and a 1.5 Å offband filter centered 3 Å blueward of the
onband filter. A linear stage is used to select filters. The wavelength
position is maintained by heating the filters to 51 C onband and 40 C
offband using a CryoCon heater. Our science camera is an Andor iKon -
M912 512×512 pixel imaging CCD, and our guide camera is an
Imaging Source DMK 22AUC03. Autoguiding with the SkyX™ auto-
guiding software is performed by centering the guider on a bright crater
and locking on the image of the bright spot. The telescope and auto-
guider are operated using the SkyX™ Professional software from
Software Bisque. Observations are performed using two different
MaximDL™ software packages separately for the science camera and

guide camera.

3. Data reduction

In order to extract the lunar sodium corona the sky must be pho-
tometric, free of clouds or cirrus. Therefore we have chosen ten of our
best nights to publish. These were all obtained in the spring of 2017.
Earlier observations, especially those taken during the first two years of
our program, were plagued with difficulties, first with imperfect
guiding and with difficulty of re-acquiring the Moon at exactly the same
place after changing filter and disk settings. With the replacement of a
filter wheel with a linear stage, the positions of on and off band ob-
servations, as well as occulted and open filter observations remain
stable throughout the series of observations.

There were three ways to obtain off band observations, either using
the off-band filter or by tilting the on-band filter or cooling the onband
filter to move the bandpass. Because tilting the filter changed the light
path which produced ghost images and dramatically changed the
transmission as a function of radial distance from the center of the field
of view, we abandoned that procedure. We used a Cryocon heater to
maintain the filters at optimum temperatures of 51 °C for onband and
40 °C for offband observations. Heating the filter is necessary because
the Na transmission of the filter is designed for parallel light whereas
the light is converging at the position of our filter. The FWHM and
transmission function were measured by the Andover Corporation in
their lab, but the maximum transmission is temperature dependent. The
temperature dependence of our filters was independently verified by
Dr. Jeffrey Baumgardner in his lab. The bandpass was measured as a
function of temperature as seen in our coronagraph using observations
of a Na lamp.

3.1. Data reduction procedure

Flat fields were obtained for white light (LED) and for the Na filter
positions. All exposures are first divided by the LED flat to remove
variations in transmission across the field. The Na images were divided
by the Na flat to correct for variation of Na transmission across the field.
Exposures of 10min are required to image the sodium corona at good
signal to noise. Autoguiding is performed by locking onto a small bright
crater each night. Following each onband-offband exposure pair, on-
and off-band images of the lunar surface are collected by taking
0.5–1.0 s exposures with the open filter. The sodium is calibrated using
the counts in the open Moon images and the Hapke bi-directional re-
flectance function (Hapke, 1984, 1986; Helfenstein and Veverka, 1987;
Mouawad et al., 2011). We use both dark and bright Hapke parameters
for comparison check using Mare and highlands, respectively. In order
to obtain the sodium profile around the entire limb, the images are
transformed using a polar transform with the ImageJ™ software. The
profiles are extracted automatically using a code written in IRAF. De-
tailed information on the data reduction is given in Supplementary
information. The dates of observation with the lunar phase are given in
Table 1. The subsolar point is rotated by the phase angle from the
center of the disk as seen by the observer on Earth. Full Moon is at
phase zero, and New Moon is phase 180°, denoting the angle between
the Sun, Earth and Moon.

We determined surface number density, scale height and total ver-
tical column abundance averaged in ten degree increments of latitude
off the limb of the Moon for each of these dates as detailed in the
Supplementary information. A brief account is given here.

We wish to calibrate the sodium D2 scattered light in terms of
kiloRayleighs, and we use the signal from a test region on the Moon for
this purpose. The average solar intensity incident on the Moon is ϕ
photons/s/cm2/ster/Å for the spectral region of the filter. The solar
continuum is taken as 4 π×5.5×1013 photons cm−2 s−1 Å−1.
Multiplying this by the bandpass w Angstroms of the filter (1.5 Å) yields
the solar flux ϕw incident on the Moon over the bandpass of the spectral
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filter. Now, we choose a region in the bare Moon image to be our
“standard candle”, usually near the bright limb but away from a bright
crater ray. We find the Hapke reflectivity, R, (Hapke, 1984, 1986) for
this region by use of a Fortran code which yields an image of the Moon
in units of Hapke reflectivity for any given phase angle and bright or
dark parameters (Helfenstein and Veverka, 1987). The codes were
written by Potter, Killen and Morgan independently for gibbous and
crescent phases, and for bright and dark reflectance. The sunlight is
scattered from the lunar surface into 4π steradians. Multiplication of all
these factors yields the photon irradiance scattered to our coronagraph
as 4πϕwR.

The camera signal from the standard region on the Moon is I counts,
produced in a time interval τ. Now we have that I/τ are the counts per
second from the test region on the Moon. The ratio of the photon flux
4πϕwR to the lunar test counts per second I/τ is the calibration constant
for the observation. Multiplication of the sodium D2 corona signal in
counts per second by this factor yields the sodium D2 photon irradiance,
which can be expressed as kiloRayleighs by dividing by 109.

After calibration, we have an image of the corona that represents
irradiance integrated along the line of sight. We must determine the line
of sight column density and the variation of this with solar zenith angle.
The scale height given is a simple exponential fit to the logarithm of the
intensity vs altitude. The actual distance of the base of the observed
corona from the lunar surface is known because we have the observa-
tions of the lunar disk at the same place where our corona observations
were taken. Fig. 1 shows an example of the reduced data and Fig. 2

shows a polar transform obtained using the ImageJ™ software.
The images are rotated so that north is up before the polar trans-

forms are taken. The data were sorted from south to north and sepa-
rated into daytime and night-time files. Because of the orientation of
the Moon, the waxing and waning phases required different sorting.
The D2 g-value (emission per atom per second) is taken to be 0.523 at
the orbit of the Moon.

4. Results

We plotted intensity (Fig. 3), column abundance (Fig. 4), and scale
height (Fig. 5), respectively, as a function of latitude. The results shown
are all dayside observations. Our observations are shown as solid lines.
The asterisks represent a cosine function in latitude scaled to the
equatorial intensity. Waxing (Moon from new to full) and waning
(Moon from full to new) phases are plotted separately. Table 1 gives the
lunar phase, local time at the observed limb and the sub-Earth latitude
for each observation.

Note that for waning phases the observer on Earth predominantly
sees the dusk side of the Moon. However, the limb is on the dawn side
for phase angles< 90° and on the dusk side for phase angles> 90°. For
waxing phases the observer on Earth predominantly sees the dawn side
of the Moon, but the limb is on the afternoon sector for phase an-
gles< 90° and in the morning sector for phase angles> 90°. The largest
scale heights correspond to the largest phase angles observed. Although
the waxing phases more or less follow a trend with declining column
abundance from morning to afternoon, the waning phases did not show
a pattern with time of day.

5. Sources of uncertainty

Sources of uncertainty include changes in the sky conditions during
the observation. We have discarded many observations where the sky
was obviously or possibly unsteady during the course of the evening.
The atmospheric transmission may also change as well as scattering due
to cirrus or dust.

The estimation of the Hapke reflectivity is somewhat subjective. We
have tried to avoid using the surface counts from crater rays or other
unusually bright or dark regions. Perhaps the greatest source of error is
the estimation of the light scatter into the onband filter from the con-
tinuum using the Full Moon data. This may introduce up to a 10% error
due to a difference in sky conditions between the two dates of ob-
servation.

To measure the error in sodium level introduced by error in the ratio
factor used to correct the 40 C image for subtraction from the 52 C
image we analyzed six observations from near full Moon (phase angles
ranging from 9 to 5°) to determine the ratio of 52 C images to 40 C
images. The ratio was not a constant value over the whole field of view
but was constant within a few percent over the range that lunar sodium
was expected. For the five observations, the average ratio was 0.837
with a standard deviation of 0.010. To get a measure of the effect of that
uncertainty on the lunar sodium levels, we used the observation set
from 2017. For each observation pair (52 C and 40 C), we measured the
maximum signal value, then corrected the 40 C value by the average
ratio derived, and subtracted the result from the 52 C value. The dif-
ference represents a measure of the sodium emission intensity. We then
repeated the calculation, now using the average ratio increased by the
standard deviation. We calculated a percentage effect by subtracting
the two sodium measures from one another, dividing by the un-
corrected sodium value, and multiplying by 100. The results show that
uncertainty in the basic 52C/40C ratio can result in uncertainties in the
5% range for phase angles greater than about 80°, with uncertainties
increasing to levels of 15–20% at phase angles of 20% or less.

Table 1
Dates of observations, phase angle and waxing or waning phase.

Date Phase Waxing/
waning

Local time of limb
(hr:min)

Sub-Earth latitude
(deg)

April 5 73 Waxing 13:13 3.6
March 8 56 Waxing 14:16 5.
May 2 103 Waxing 11:08 6
May 1 117 Waxing 10:12 5
Feb 2 118 Waxing 10:08 5
March 20 82 Waning 11:30 −6.2
March 19 71 Waning 10:45 −6.5
June 17 84 Waning 11:30 +3
June 18 95.9 Waning 12:20 +4.2
April 16 53 Waning 9:45 −6
Feb. 21 113 Waning 13:30 −6
Feb. 22 124 Waning 14:15 −5

Fig. 1. Example of an observation of the Na corona (with occulting disk in
place) and the unocculted Moon superimposed on the occulting disk. This
image is not calibrated. The full Moon observation is taken either just before or
just after the occulted image, and they are subsequently superimposed to de-
termine the distance from the lunar limb to the occulting disk.
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6. Discussion and conclusions

Most of our scale heights (Fig. 5) are on the order of 500–1500 km,
at the equator increasing at high latitudes, compared with 320–388 km
for comparable phase angles reported by Potter and Morgan (1988).
Although a very cold component of the Na exosphere at about 140 K
was reported by Stern and Flynn (1995), that component would be
confined to altitudes below about 35 km from the surface, below the
minimum altitude probed by our observations. Stern and Flynn (1995)
reported exospheric temperatures increasing with latitude, consistent
with our observations. Their derived temperature was>3000 K for 80°
latitude and a mixture of 1200 K and ~2500 K for low latitudes and
above the very low altitudes where the cold Na would be observed.

Potter and Morgan (1998) reported scale heights from 44 km
(T=191 K) at 70° N to 510 km (1736 K) at the equator measured at
lunar phase 51°. Mendillo et al. (1993) reported scale heights for the
extended Na exosphere that agree with ours: a sodium scale height of
approximately 1000 km (T= 4500 K) near the equator increasing to
2000 km (T=9000 K) at the poles.

Observations of the lunar sodium exosphere by Potter and Morgan
(1998) at a lunar phase angle of 51° were reported to decrease as cos3 in
latitude (Potter and Morgan 1998), with a characteristic temperature of
about 1280 K, consistent with a photon-stimulated desorption source.
Their scale heights were reported to decrease with latitude, in the op-
posite sense of our measured scale heights. One important difference
between the Potter and Morgan (1998) observations and ours is that

Fig. 2. An example of a polar transformed image from the
ImageJ™ software (left). Horizontal scans are taken averaging
10 vertical pixels per scan. The data plotted at right show
counts along x, vertically away from the Moon. The position
of the lunar surface is known since the Moon is auto-tracked
during the entire sequence and the overlaid open Moon and
occulted Moon images are not shifted relative to each other.
The counts are plotted on a log scale and extrapolated to the
surface.

Fig. 3. Line of sight intensity (kR) at the surface as a function of latitude on the dayside for waning phases (left) and waxing phases (right). Waxing phases are
observed from new Moon to full Moon, and waning from Full Moon to new Moon. A different pattern of Mare and Highlands is seen for each of these observations.
Our observations are shown as solid lines. A cosine latitude function, normalized to the equatorial intensity at that date, is shown as asterisks with the same color as
the corresponding date of observation. This shows that the data are not strictly symmetric about the equator nor do they follow a cos2 as expected from theory (e.g.,
Sarantos et al., 2010) or a cos3 functional form as found by Potter and Morgan (1998).
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they used a 3 Å onband filter whereas we used a 1.5 Å bandpass; in
addition they used a broad bandpass filter (50 Å) centered at 5860 Å for
their off-band observation while we used a 1.5 Å bandpass filter cen-
tered at about 5996 Å. Therefore our scattered light correction is much
more precise. Two of our observations have scale heights that agree
with those published by Potter and Morgan (1998) at the equator. Our
observations were obtained from approximately 143 km off the lunar
surface to about one lunar radius above the surface, 1738 km. High
resolution line profiles of lunar Na obtained with a Fabry-Perot spec-
trometer (Kuruppuaratchi et al., 2018) indicate a range of temperatures
from 2500 K to 9000 K during magnetotail passages, with a systematic
increase in temperature from quarter moon to full Moon. We do mea-
sure scale heights varying from roughly 500 to 1500 km (2255 K <
T < 6765 K), consistent with Kuruppuaratchi et al. There is a definite
increase in scale height for waning phases as the lunar phase decreases,
but no monotonic trend is seen for waxing phases. Kuruppuaratchi et al.

(2018) conclude that impact vaporization, sputtering and/or a non-
thermal distribution for PSD likely combine to produce the trend that
they show. Schmidt et al. (2018) presented evidence that the Na line
profile observed in Mercury's exosphere increases with altitude. This
may explain why some observers found a cold profile, while others
concluded that the Na exosphere is hot. It is also possible that we ob-
serve the tail of an altitude profile derived from a non-thermal process.

The highly N/S asymmetric sodium profile seen at lunar phase 91
(Figs. 3 and 4) is consistent with observations published by Potter and
Morgan (1991) where they report a D2 emission intensity at an altitude
of 50 km of ~0.45 kR at the west limb, 1.0 kR at the north limb, 2.0 kR
at the south limb and 1.5 kR at the east limb, on Feb. 21, 1989. We often
see N/S asymmetries of a factor of ~2, consistent with Potter and
Morgan (1991).

Wilson et al. (2003) placed limits on the speed distribution required
to match the distribution they measured at high altitudes. They

Fig. 4. Zenith column abundances from the surface for waning phases (left) and waxing phases (right). There is no obvious variation in column abundance with time
of day. Column abundances at the equator vary from about 1.5×109 cm−2 to ~5.5×109 cm−2.

Fig. 5. Scale heights are shown on the right for waxing phases and on the left for waning phases 53, 82, 96, 113, 118. Most of the scale heights cluster between 500
and 1500 km increasing at higher latitudes. Scale heights appear to decrease from dawn to noon.
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indicated that< 20% of the escaping Na atoms are ejected from the
surface with speeds above 2.3 km/s and they concluded that solar ra-
diation pressure is responsible for most of the neutral Na escape into the
outer exosphere and Na tail. The fractional direct escape of Na from the
Moon is about 20% for a Maxwellian distribution at 3000 K (Killen
et al., 2017). This would indicate that our derived mean temperature of
4500 K may be the combination of an initial 3000 K distribution plus
radiation pressure. Alternatively a portion of these escaping Na atoms
may be due to sputtering. Given that the sodium ejected by impact
vaporization may be expected to be colder than 4500 K, this tempera-
ture may indicate a mixture of impact vapor and sputter-derived so-
dium or the result of radiation pressure acceleration. Alternatively the
derived high temperature may be the result of a mixture of a slightly
cooler exosphere and an escaping component, given that half of the
impact vapor released at 4500 K is on escaping trajectories which would
not have a Chamberlain profile (Chamberlain, 1963) indicative of a
bound component. Many of our waning phases peak at slightly southern
latitudes, whereas some waxing phases peak at northern mid-latitudes.
Scale heights appear to decrease from dawn to noon and increase from
low to high latitudes.

It can be seen that the latitudinal variation we observed does not
follow the cos3 (ψ), where ψ is the angle from the subsolar point, as
reported by Potter and Morgan (1998). A cosine variation with lunar
phase was reported by Potter and Morgan (1994), which was modeled
by Sarantos et al. (2010). Our data do not fit any power of cosine model
as a function of lunar phase or with latitude. Our data agree with the
Potter and Morgan (1994) data for the same latitude and phase angles.
For phase 69° Potter and Morgan (1994) reported Na emission of
5.53 kR at the equator and 2.01 kR at the south pole. We measured
6.79 kR extrapolated to the equatorial surface and 2.2 kR at the south
pole. Our column abundance variation with latitude is more shallow
than those reported by Potter and Morgan (1994) because our scale
heights increase with latitude. Our data are much more consistent with
the extremely high resolution spectroscopic observations obtained with
the McMath-Pierce solar telescope published by Potter and Morgan
(1994) in which they suggested that the source process is consistent
with sputtering by solar wind particles. Potter and Morgan (1994) did
not measure scale heights but our emission intensities are consistent for
the phase angles we have both observed. We note that there is a scatter
of more than an order of magnitude in sodium emission around the
cosine model drawn in the Potter and Morgan (1994) paper, Fig. 1. For
instance there is a variation of a factor of 7 in measured intensity at

phase angle 100° in the Potter and Morgan (1994) Fig. 1. We see a
variation of a factor of about 5 in emission at the equator between
phases 53°–124°. When reduced to surface number density or column
abundance the values are consistent with previous work. Because of the
increased light scatter off the limb near full Moon, those results are not
shown.

It is interesting that surface composition measurements taken by the
Chandrayaan-1 X-ray spectrometer (C1XS) derived Na abundances of
2–3 wt% at mid-southern latitudes (Athiray et al., 2014), where we
observed enhancements in the lunar Na exosphere. Colaprete et al.
(2016) showed a strong correlation between the lunar potassium exo-
sphere and surface K abundance, but the abundance variations in Na in
the lunar regolith are poorly known. Our data are often slightly skewed
to the south, therefore further measurements of surface composition are
of interest.

We have not found any correlation with solar wind activity in these
observations. We do not see any correlation with the sub-Earth latitude,
which ranges± 6°.

We cannot accurately report sodium emission at full Moon, even for
the best conditions under which we have observed, because the ex-
pected Na irradiance is overwhelmed by the scattered light from the
surface (Supplemental information). The expected Na emission at full
Moon is about 3–5% of the total scattered light in the Na filter. The
range of equatorial column abundances that we measured,
2–9×109 cm−2, is the same as that measured by the LADEE UV
spectrometer (Colaprete et al., 2016); however, their measurement re-
presents near equatorial noon at a range of lunar phase angles, whereas
our measurements spanned a range of local times and the full range of
latitude.

Observations of the lunar sodium exosphere were taken by the
Kaguya spacecraft from an altitude of about 60 km looking antisunward
from the nightside between December 2008, and June 2009 (Kagitani
et al., 2010). They used a filter with a FWHM of 35 Å, and assumed
temperatures of 2400 K and 6000 K to reduce the data to surface
number density. They report a spherically symmetric exosphere that
decreases from lunar phase 90° to phase 270°. We do not see such a
trend but the observations we show here are dayside observations.

The LADEE sodium observations taken with the UVVS indicate that
the exosphere peaks at full Moon. Those observations were taken on the
dayside roughly subsolar whereas our observations are always taken at
the limb. The observations indicate that the Moon's exosphere peaks at
or near the sub-solar point at Full Moon, but the scale height appears to
be minimum near noon.

Models are certainly required to determine physical effects such as
radiation pressure, surface interaction, and the mixture of various
source processes that affect the source, redistribution and loss of the
lunar sodium. Note that observation down the tail (anti-sunward) is
only seen at or near full moon which we cannot accurately observe. We
can therefore make no conclusions regarding radiation pressure en-
hanced loss down the tail or the effect of the entrance or exit of the
Moon from the Earth's magnetosphere as proposed by Sarantos et al.
(2008).
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Appendix A

Fig. A1. Optical path for the coronagraph. A. Objective Lens; B. Field lens with occulting disk; C. Collimating lens; D. Filter; E. Reimaging lens F. CCD Detector.

Fig. A2. Coronagraph with cover removed showing the layout. Roy Tucker is shown assembling the coronagraph.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.icarus.2019.02.027.
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