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ABSTRACT

The lunar sodium tail extends long distances due to radiation pressure on sodium atorns in the lunar
exosphere. Our earlier observations determined the average radial velocity of sodium atoms moving
down the lunar tail beyond Earth along the Sun-Moon-Earth line (i.e., the anti-lunar point) to be 12.4
km/s. Here we use the Wisconsin H-alpha Mapper to obtain the first kinematically resolved maps of
the intensity and velocity distribution of this emission over a 15 x 15deg region on the sky near the
anti-lunar point. We present both spatially and spectrally resolved observations obtained over four
nights around new moon in October 2007. The spatial distribution of the sodium atoms is elongated
along the ecliptic with the location of the peak intensity drifting 3 degrees east along the ecliptic per
night. Preliminary modeling results suggest that the spatial and velocity distributions in the sodium
exotail are sensitive to the near surface lunar sodium velocity distribution and that observations of
this sort along with detailed modeling offer new opportunities to describe the time history of lunar
surface sputtering over several days.
Subject headings:

1. INTRODUCTION Mendillo et al. [1991] obtained the first broadband
s . s J
The Moon is known to have a trace atmosphere of he- imaging observations (D1 + D2} of the extended lunar
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narmics of the lnnar sodium atmosphere beginning with %igre;}on) }a‘amm‘s{n the lunar exosphere iﬁ“‘lsé”? Céialu
its detection by Potter and Morgan [1988] and Tyler et al. l‘),? 9]. Near new MQ,G n phase, the extended hm“‘ sodumm
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nisms remaing uncertain, both with regard to spatial and 20 eler to Fagre Lo e
to temporal trends. Once released, sputtered gases in the Velocity resolved observations of the extended lunar
lunar atmosphere can be pulled back to the regolith by sodium tail {observed in the anti-lunar direction) were
gravity, escape to space, get pushed away by solar radi- first O?f'ai,ﬁ%d by Mier, éze“jif’? et ?f’ [20068] using a 1arge
ation pressure, or become photoionized and swept away apertt.;re i\i‘? e;m} dc;uble etaion abr;,_ -Perot %pﬁé(?t%’()ﬁiﬁ*—
s the solar wi ter with ~ 3.5 kim/s spectral resolution at 5890 A: see
by the solar wind. - WIEh ~ -/ e ! , s
Mierkiewicz et al. [2006b] for further instrument details.
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from the Pine Bluff Observatory (PBO), Wisconsin, on
29 March 2006, 27 April 2006 and 28 April 2006. The
average observed radial velocity of the lunar sodium tail
in the vicinity of the anti-solar/lunar point for the three
nights was 12.4 km/s (from geocentric zero). This ve-
locity is consistent with sodium atoms escaping from the
Moon and being accelerated by radiation pressure for 2+
days. In some cases the line profile appeared asymmetric,
sith lunar sodium emission well in excess of 12.4 km/s.
In this paper we report new results using the unique
mapping capabilities of the Wisconsin H-alpha Mapper
{(WHAM), where we have traded spectral resolution in
favor of increased sensitivity and spatial resolution.

2. INSTRUMENTATION

WHAM was built to map the distribution and kine-
matics of lonized gas in our Galaxy [Haffner et al., 2003].
Here we leverage WHAM’s unique combination of high
sensitivity, spectral resolution and automated pointing
capabilities to map Na emission in the extended lunar
sodium tail. At the time of these observations WHAM
was located at Kitt Peak Observatory, AZ.

Similar in design to the PBO Fabry-Perot used in our
earlier work, WHAM is a large aperture {15 cm) double
etalon Fabry-Perot coupled to a siderostat with a circular
1 deg field-of-view {FOV). WHAM has a resolving power
of 25,000, covering a 200 km/s spectral region with 12
km/s spectral resolution at 5890 A [Haffner et al., 2003].

3. OBSERVATIONS & REDUCTION

Using WHAM we have mapped the intensity and ve-
locity distribution of the extended lunar sodium tail
over a 15 x 15deg region near the anti-lunar point with
1deg spatial resclution. Observations were made dur-
ing 4 nights bracketing the 11 October 2007 (5:01 UT}
new moon period. The automated pointing capability of
WHAM was used to build a map of the lunar Na emission
by rastering WHAM’s 1deg circular FOV in a “block”
surrounding the anti-lunar point. The number of 1deg
pointings per block was between 121 and 256. The ex-
posure time for each observation was 120 s; a map was
generated in approximately 6 hours. These observations
provide the first kinematically resolved maps of the ex-
tended lunar sodium tail observed in the anti-lunar di-
rection.

Individual WHAM spectra were reduced with a 4 com-
ponent model: one Gaussian component for an atmo-
spheric OH feature near -90 km/s from geocentric zero,
a second Gaussian component for an unidentified feature
near -70 kim/s, a Voigt profile for the terrestrial sodium
emission at 0 km/s and a Gaussian component for the
lunar emission near 13 km/s; Refer to Figure 2a.

Due to the partial blending of the terrestrial and lu-
nar Na emission, the component fitting of the WHAM
data required two steps. First, a constrained fit was ap-
plied to the data in which the Doppler shift of the lunar
emission with respect to the terrestrial sodium sky glow
line was fixed at 12.5 km/s based on our experience with
the higher resolution PBO observations. Next, after a
best-fit solution was obtained, the Doppler separation of
the lunar emission was freed and the fitting routine was
run again. In all cases, fit components were convolved
with an instrumental profile and iterated, subject to the
above constraints, to produce & least squares, best-fit to

the data using the Voigt-fit code of Woodward [2011].

After fitting we plot the lunar sodium emission spectra
as a function of position on the sky (Figure 2b). The
intensity (i.e., the integrated area under the emission
line, converted to Rayleighs, where IR = 10%/4x pho-
tons em™? 7 str™!) of the lunar sodinm emission is
then converted into colored beams representing WHAM s
1 deg field-of-view on the sky (Figure 2¢). These bearms
are then smoothed (Figure 2d). We also generate a
spatial map for the Doppler widths (full-width-at-half-
maximum) of the lunar sodium emission lines.

Intensity calibration is based on the surface brightness
of NGC 7000, the “North American Nebula” {coordi-
nates asgoe = 20.97 h, Sogge = 44.59deg). The NGC
7000 hydrogen Balmer o (6563 A) surface brightness is
~ 800 R over WHAM’’s 1 deg field-of-view [Haffrner et al.,
2003]. Sodium D2 line intensities are based on the as-
sumption that WHAM’s efficiency is unchanged between
6565 A and Na, and a measured filter transmission ra-
tio of T(5890 &)/ T(6563 A) ~ 1. We estimate a 20%
uncertainty in our sodium D2 intensity calibration.

4. RESULTS

Spectra for the brightest bearmn for each night are given
in Figure 3 and Table 1. Intensity and Doppler width
maps for all pointings are given in Figure 4.

In lock directions where the lunar Na emission is be-
low our detection limit, & small amount of emission will
nonetheless be attributed to lunar Na emission in our
Gaussian component fitting procedure. In order to deter-
mine this detection threshold, we mapped a region of the
sky 60 deg east of the anti-lunar point. This off-direction
dataset was processed with the Gaussian fitting proce-
dure used in the analysis of the on-direction datasets (as
described in Section 3) in order to assess the amount
of emission attributed to lunar Na emission when none
is present. We found the average intensity of the back-
ground emission to be 0.7 R; intensities lower than this
value should not be mistaken as an indication of lunar
Na emission in the maps presented in Figure 4.

In what follows we present a basic description of the
observations for each night.

10 October 2007: Observations 22 to 16 hours before
new moon (first column of Figure 4}, 169 1 deg pointings.
The intensity distribution is elongated along the ecliptic
with the location of the peak intensity to the south-west
of the antisolar point. The Doppler width distribution
appears to peak to the north-east of the brightest
ernission and is also elongated along the ecliptic. The
broadest emission is also the faintest emission for this
night.  The brightest emission occurs approximately
10.8deg from the antisolar point, southeast slong the
ecliptic, with a peak intensity of 2.2 R.

11 October 2007: Observations 1 hour before to
7 hours after new moon (second column of Figure
43, 224 ldeg pointings. The intensity distribution is
nearly axially symmetric; the Sun, Moon and Earth are
aligned, meaning we are looking almost directly down
the lupar tail. As with the previous night, the peak
intensity is to the south-west of the antisolar point. The
broadest emiscion for this night is also the brightest
emission. The peak emission occurs 5.8 deg southeast of
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the anti-solar point, coplanar not necessarily colinear.

12 October 2007: Observations 23 to 32 hours after
new moon {third column of Figure 4), 256 1deg point-
ings. The intensity distribution again appears to be
elongated along the ecliptic with the brightest emission
occurring closer to the antisolar point and the fainter
emission occurring farther to the south-east. From the
Doppler width map it appears that there is a large region
where the widths are roughly 15-20 km/s, with the
broadest emission falling roughly in the same location
as the brightest emission 2.7 deg from the antisolar point.

13 October 2007: Observations 48 to 52 hours after
new moon (fourth column of Figure 4), 121 1deg point-
ings. The emission is extremely faint and remains elon-
gated along the ecliptic. The broadest emission, upwards
of 30 km/s, for this night appears to peak to the south-
west of the brightest emission. The brightest emission is
1.8 deg to the southeast of the antisolar point.

5. SAMPLE MODEL RUNS

We present a sample set of data/model comparisons
using the numerical/Monte-Carlo lunar exospheric sim-
ulation code of Wilson et al. [1999; 2003] to indicate the
potential of future model/data analysis.

The Wilson et al. [1999; 2003] code uses 4th order
Runga-Kutta integration to compute the accelerations
and positions of exospheric sodium atoms due to gravi-
tational and solar radiation pressure effects. Model in-
put parameters include the atom’s initial velocity dis-
tribution and their surface ejection rate, ionization life-
time and initial source distribution (e.g., isotropic, where
atoms are evenly ejected over the entire surface of the
moon, or hemispheric, where ejection is favored on the
sunlit side of the moon).

Because our maps were constructed over roughly a six
hour interval per night, data/model comparisons were
done using an average spectrum over the full map area
in order to circumvent spatial smearing between the ob-
servations conducted over a span of hours and the model
distribution computed for fixed time. All model runs
assumed that the lunar sodium source was distributed
isotropically over the Moon’s surface. Both the data and
model averages were normalized for these comparisons.
Model calculations were made with 1 deg spatial resolu-
tion to match the 1deg spatial resolution of the WHAM
spectrometer. Model spectra are generated with signif-
icantly higher velocity resolution than WHAM’s spec-
sral resolution of 12 km/s. As such, model output was
convolved with a WHAM instrumental function in order
to facilitate direct data/model comparisons. In order
to eliminate sodium photoionization lifetime effects from
our model generated line profiles, a Na photolonization
lifesime of 100 hrs was used for this sample study.

In Figure 5 we investigate how variations in the ini-
tial sodium particle velocity distribution at the Moon
manifest themselves in our observed line profile observa-
tions of the extended Na tail (11 October 2007 dataset).
The solid line in Figure 5 is an average line profile for
all WHAM observations obtained on 11 October 2007,
normalized to the peak intensity; the dashed line is the
corresponding model run average normalized to its peak
intensity.

Three different initial velocity distributions were used
in our data/model comparison: slow (initial velocities
falling between 2.1 and 2.15 km/s), fast (initial veloci-
ties falling between 2.56 and 2.6 kim/s) and flat (i.e., and
equal number of particles leaving the moon with veloci-
ties of 2.1 — 2.6 km/s). These velocity distributions are
based on the work of Wilson et al. [1999; 2003]; although
the initial veloeity distribution was not fully constrained
by Wilson et al. [1999; 2003], the 2003 paper did show
that there is a significant contribution to the extended
hunar Na tail from source speeds in the range of 2.1-2.4
km/s, thus the choice of 2.1~ 2.6 km/s velocity range
used in this study.

Inspection of Figure 5 indicates that the shape of the
observed and modeled line profiles in the anti-lunar di-
rection near the time of new moon are sensitive to the
initial velocity distribution of the sodium atoms leaving
the moon. A fast initial velocity distribution results in
a much broader average spectrum whereas a slow initial
distribution produces a much narrower spectrum. It is
important to emphasize that changes in the lunar source
rates ~ 2 days prior to the observations (when the ob-
served Na atoms were being released from the lunar sur-
face) could produce similar signatures, as would changes
in the sodium photoionization lifetime due to solar activ-
ity. The flat velocity distribution produces a spectrum
closest to that observed, see Figure 5, lower right.

Figure 6 shows model runs for the other three nights
of observations (plus 11 October 2007), using the flat
initial velocity distribution. In this case model spectra
were computed and averaged over the observation time
ranges for each night (refer to Section 4). The spatial
averaging is handled in the same manner as Figure 5.

Although the data/model high velocity tail trends
shown in Figure 6 qualitatively agree for each night, given
our use of a 100 hr sodium atom photoionization lifetime
in the model runs presented here, too many atoms are
surviving to high velocity. This effect is especially appar-
ent in Figure 6, bottom right (13 October 2007), where
the model emission (dotted line) is significantly enhanced
relative to the observations. Future runs using a sodium
photoionization lifetime closer to the currently accepted
value of 45 hours at 1 A.U. from the Sun | Huebner, 1992]
are expected to reduce the number of neutral sodium
atorns surviving to high velocity.

6. CONCLUSIONS

Over the course of 4 nights (~70 hours) of observations,
the peak of the intensity distribution (see Figure 4 and
Table 1} drifted east along the ecliptic a total ~ 11.5deg
{an average of 0.2 deg per hour), consistent with the 3-
4 deg eastward drift per day observed by Smith et al.
[1999]. For reference, the hunar orbital rate is about
0.5deg per hour. The brightest detected emission oc-
curred on the night of new moon, presumably because
the observation geometry at new moon presents the most
direct look down the lunar tail {and hence the maximum
columm emission}.

The broadest emission was detected on the nights away
from new moon, occurring north-east of the peak in-
tensity for the night preceding new moon, and to the
south-west following new moon. It would appear that
this observed change in morphology is related to viewing
geometry.
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At new Moon the nearby bright “core” of Na atoms
recently gravitationally focused by the Earth [Wilson
et al., 1999] dominates the tails appearance, giving it
a nearly axisymmetric core emission at 12.5 km/s, ob-
scuring the dimmer signal of the older (and faster) more
distant atoms; refer to Figure 4 column 2. Before and
after new Moon, however, the Earth’s gravity only influ-
ences atoms at one outer edge of the sodium tail and the
tail is observed off-axis, leaving relatively more atoms in
an extended diffuse “un-focused” tail away from the 12.5
km/s core emission and a correspondingly larger influ-
ence on the Doppler width observed in our data.

Our sample model runs and recent work by Lee et al.
[2011] confirm that velocity resolved observations and
spatial mapping of the extended lunar tail offer new op-
portunities to describe the time history of lunar surface

sputtering over several days, and set constraints for mod-
els of exospheric source mechanisms and their variabili-
ties.

The authors thank M. Mendillo and R. Reynolds for
their valuable assistance. We thank all the members
of the WHAM collaboration, in particular K. Jaehnig,
A. Hill, G. Madsen and K. Barger. Finally, we thank
the National Solar Observatory mountain support staff,
C. Plymate and E. Galayda for their support and host-
ing us during the WHAM observations. M. Line’s in-
volvement as an undergraduate at Wisconsin was par-
tially supported by a UW-Madison Hilldale Undergradu-
ate Fellowship. This work has also been partially fund e
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OcTosER 2007 WHAM EXTENDED LUNAR SODIUM
SHIFT AND DorpPLER WIDTH {FWHM) ARE GIVEN FOR THE BRIGHTEST POIN

Lunar Sodium
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TAIL OBSERVATIO

Tail Observations

BLE 1

OcroBeEr AT 5:01 UTC.

(G FOR BEACH NIGHT. THE NEW MOON OCCURRED ON 11

Obs. Time/Date (UTC) o« (hlumm) 8 (deg) Intensity (R} Doppler Shift (km/s}  Doppler Width (km/s)
08:30 10 Cct. 2011 00:21 1.83 2.2 $.37 7.19
05:51 11 Oct. 2011 00:44 3.96 6.3 11.96 11.29
08:02 12 Oct. 2011 00:56 5.96 8.7 17.97 27.78
06:48 13 Oct. 2011 G1:03 6.96 3.5 30.39 40.36
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Earth
Solar
Radiation
Pressure Moon
Fi1G. 1. A cartoon depicting the geometry of the extended lunar sodium tail. Sodium observations are made in the anti-lunar direction

near New Moon, looking down the lunar tail as it moves beyond the Earth, along the Sun-Moon-Earth line (after Wilson et al. [1999])
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10 October -22 to -16hrs 11 October -1 to +7hrs 12 October +23 to +32hrs 13 October +48 to +52hrs
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Fio. — October WHAM Observations. (top) Regularly gridded beam maps of the lunar sodium emission for each night. The anti
lanar point is indicated by the +, the anti solar point is indicated by the *. The brightest beam observed for each evening is indicated by a
white star. The black line represents the ecliptic. (middle and bottom) Smoothed map of the spatial variation in the intensity and Doppler
width (red corresponds to broader emission) of a single Gaussian fit to the lunar sodium emission. The times relative to new moon for each
night are shown at the top of the Figure. The solid line on the intensity color bars denotes our confidence limit; colors/Intensities below
this value are likely not due to the lunar emission (see text).
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F1G. 6.— A comparison of the average spectra for each of the four October nights from WHAM and the average spectra generated for
each of the October nights via the model. The solid line represents the WHAM data and the dashed line represents the spectra produw
by the model. In this case model spectra were computed and averaged over the observation time ranges for each night {refer to Section 4.
The spatial averaging is handled in the same manner as Figure 5. (The noise on the blue wing of the profile is due to the terrestrial sky
glow line subtraction.) Excess model high velocity atom productions is likely an artifact of a too many sodium atoms surviving to high
velocity given our 100 hr Na atom lifetime.






