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EDITORIAL

This issue of Selenology Today is composed of a single section including an article
by Kurt Hsher about pre-event planning and practice imaging by lunar amateurs
prior tothe summer 2009 LCROSS impact.

The LCROSS candidate impact list is being continually refined by the NASA-LCROSS
Team. Shortly before publication, an additional communication from LCROSS
principal co-investigator Tony Colaprete indicates that Erlanger (Crater C) and Cabeus
may be eliminated from the candidate target impact list shown in Table 3 of this article
due to topographical masking. The slope of these targets may be too great to allow a
conservative estimate ejecta cloud to rise above their rims and be visible to Earth-
based observers. A west longitude southern pole substitute for Cabeus is being

considered.

Because of its continual refinement, it was not feasible to publish a real time updated
list of LCROSS candidate targets. Nonetheless, the editors of Selenology Today feel
that pre-impact practice focused on the impact candidates listed in Table 3, to be the

best currently available planto prepare imagers for imaging the actual event.

The final selected LCROSS impact will fall somewhere within a CCD frame of one of
the candidate targets listed in Table 3. Fnally, the article recites a launch date of May
7 - the date based on the best available information on February 20, 2009.

Based on last minute information, this date may slip forward tothe original April 25,
2009 00UT scheduled launch date or to another after the publication of this edition of
Selenology Today. Before the impact, Selenology Today will be issued an addendum
to this Edition #13 thatwill update the article for new developments.

The Geologic Lunar Research group (GLR) set out to coordinate its team of observers
for this impact event. This will be done completely through the internet, specifically
through the use of e-mail.

The editorial Board of Selenology Today will collect images including possible primary
anaysis if any impact effect will be detected with amateur instrumentation.

We invite all readers of Selenology Today to send possible observations (positive or
negative) to editorial board:

Selenology_today@christian-woehlerde and glrgroup@yahoo.com
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GETTING READY FOR LCROSS:
A Practical Guide to Planning and Pre-Event Practice for Amateurs
Kurt Allen Fsher, Sdt Lake City, Utah
Abstract

This article provides practical suggestions for pre-event planning and practice imaging
by lunar amateurs prior to the July or August 2009 LCROSS impact. Effective amateur
pre-event imaging practiceis complicated by the fact that the NASA-LCROSS Team has
not issued an integrated magnitude estimate for the impact’s g ecta curtain. Some state-
ment regarding the curtain’s size can be made. The LCROSS impact is planned to occur
when ether the rising terminator is between E14 and W60 (38% to 93% illuminated
fraction) or the setting terminator is between E60 and W14 (93% to 38% illuminated
fraction). For practice imaging of the northern candidate target area Nansen F west to
Hermite A and the southern candidate target areas from Faustini west to Cabeus, Table
5 and Table 6 list dates of favorable libration to study topography. Table 9 lists near
passages of the Moon with the Pleiades and Saturn for exposure calibration practice.
Table 10 and Table 11 suggest practice imaging of the satellite MStar 3 Centaur rocket
booster, International 1d. 1999-023B, through April 2009 to simulate imaging of the out-
bound LCROSS-EDUS boaster. Practice imaging and photometry of the dark interior of
polar craters, the dark limb behind such craters and the night sky above them between

now and July will aid amateurs to (a) become familiar with the topography of the ex-

treme south and north polar limb, the visual impression of which varies widdy from li-

bration, (b) make pre-impact exposure best- educated-estimates with their camera, tele-
scope and filter combinations in support of an uncertain one-shot imaging event, and (c)
pre-impact characterization of the unknown brightness of the lunar surface inside the
dark interior of a polar crater. Northern pole targets remain favored by the current
scheduled launch date of May 7, 2009 O0UT. A prdiminary announcement as to candi-
date tar gets should be made after launch on May 7, 2009. The LCROSS Team will an-
nounce final target selections 30 days before impact in August or September, 2009 after
collecting further initial imagery and remote sensing data from the Lunar Reconnais-
sance Orhiter (LRO).
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1 Introduction

Sometime between mid-July and early August 2009, the LCROSS shepherding satellite
will guide a 2,000 kg Centaur engine and fuel tank, caled the Earth Departure Upper
Sage (EDUS), & 2.5 km sec! for impact into thepermanently shadowed region (PSR) of

apolar crater. NASA scientig’s principa scientific objective is to determine whether a
substantia hydrogen or water (H,O) resource exists in portions of lunar polar craters that
are permanently shadowed. The resulting impact will provide lunar amateurs with a

unique, once-in-alifetime imaging opportunity with uncertain characteristics.

An andogous impact crater and gecta cloud from Apollo 14's Saturn 1VB booster
impact booster was captured in an Apollo 16 Panorama camera image sometime after the
actua impact. Figure 1. The crater is about 40 m in diameter; the gecta cloud extends
for about 1 km around the crater; the scade bar is 1 km. One gectaray extends outside

theimage frame for about 5km from theimpact crater.

Figure 1 - Apollo 14 Saturn IVB impad crater and ejeca blanket from Fig. 29-52 in
Whitaker (1972) (modified). Photo courtesy of NASA.

There are four events with uncertain visibility related to the summer 2009 LCROSS

experiment. Two ather eventsprobably cannot be imaged or visudly observed.

First, within the fird 10 hours of mission launch, it may be possible to image excess
hy drogen and oxy gen fuel dumps from the Centaur booster after trans lunar insertion.

Second, within the first 30 mission hours, it may be possible to image the LCROSS-LRO
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(Lunar Reconnaissance Orbiter) and LCROSS-EDUS satdlite during its initid trans

lunar orbit.

Third, it may be possible to image the empty Centaur booster is its three month lunar
cruise orbit and before impact. It is unlikely, but warrants further investigetion that it
may be possible to image the Centaur booster-LCROSS shepherding satelite as it
crosses the bright limb of the M oon. In theory, it is possible that on impact the initia
flash could be seen, but this is unlikely, as most areas within permanently shadowed
regions a the poles are obscured by crater rims. In theory, very favorablelibrations could
make the point of impact and initid flash visible. A crater about 20 meters in diameter
and 3 meters deep will be formed.

Fourth, for wesern hemisphere observers near the Pecific Coast, the impact gecta dus
curtain, if visible, should express within the first 60 seconds of impact and extend
between 5 km (low-bound) and 30 km (high-bound) of the lunar surface. Southern
continent observers in the western hemisphere are most favored by an impact during the
first week of August, 2009. For North western hemisphere observers, the M oon will a a

low dtitude.

Because the impact point is obscured by a crater rim, after the impact Earth based-

observers will be unable to image the pog-impact crater.

If awater resourceis present in theimpact crater, within 25 minutes and extending for 24
hours after impact, an OH vapor molecular cloud is expected to form. If water is presert,
then solar radiation is expected to disassociate H,O into an OH vapor cloud extending as
much as 100km above the lunar surface. This OH vgor cloud will be visible a 308nm
and 3000nm - wavelengths normally beyond the limits of amateur spectroscopy,
phatometry filters and CCD cameras.

Finally, there is a speculative possibility tha an ionized H cloud will form that may be
detectable as increased signds above abasd ine solar spectrum. H,O splits into OH- and
H+. Pre-event and post-inpact Ha or Hb images or spectroscopy images could be
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compared to detect an incressed signd. Whether this speculative H cloud might be
captured by along-period exposureis worthy of further amateur discussion between now
and the summer 2009 impact.

Figure 2 summarizes estimates of the visual brightness of the LCROSS-EDUSduringits
initia trans lunar cruise during mission days 1 through 5:

16 -
14
12
10

8 + MStar 3 Cent Rocket 100%
o MStar 3 Cent Rocket 50%
6 = USA 136 Cent Rocket 100%
4 o USA 136 Cent Rocket 50%

2 4
u T T T T 1
0 100000 200000 300000 400000 500000

Figure 2 — Estimates of LCROSS-EDUS satellite magnitudes during initial Earth-Moon
trans lunar cruise during misson days1to 5. yin mags; xin kilometers. (See discussion

under Sedion 6.2, compare Figure 44, bel ow).
During the first 30 hours of the initid trans lunar cruise, the LCROSS-EDUS booster

conservatively should be visible using 10 to 12 inches of aperture to a distance of
100,000 km to 125,000 km from Earth.

NASA (2009f) issues asimple quditative statement that “ mission scientists etimate that
the Centaur impact plume may be visible through amateur-class telescopes with gpertures
as small as 10 to 12 inches.” But the NASA-LCROSS Team has not issued etimates of

the integrated magnitudes of the LCROSS-Centaur impact gecta curtain in a form

useable to amateur imagers for imaging practice.

The LCROSS Team has published two esimates of the size of the gecta curtain - an
early high-bound and amore recent low-bound estimate - as summarized in Table 1:
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By Id Sizkm Size arcsecs T secs

Bart (2008) Slides 19-20; L CROSS Team ~10x5 >3"x25" 40-60
Wooden (2008), Sl. 2 CBEIM (low-
bound dust)

Heldmann (2006a), SIs17-21 Highbound —ice  ~35km 18" hdght
& vapor

Table 1 - LCROSS Team egimates of EDUS impact gecta aurtain sze at Earth as of 25
Jan. 2009 (T-secs means seconds after impact).

A third description of the predicted size of the gecta cloud — related to the low-bound
gecta curtain — is recited in NASA (2008d) - a November 26, 2008 NASA LCROSS
press release: “ The densest and brightest part of the LCROSS gecta plume is expected
to extend two to four kilometers above the crater rim, which corresponds to 13 to 26
pixes in these images[,]” referencing a pixel scae of 0.3 km per pixd or about 8km by
4km.

In March 2009, Summy et d. (2009) published a fourth LCROSS Team description of

the impact gecta curtain, but they only include a graphica depiction of the dugt gecta

curtain. Summy et a.’s figure does not dlow an accurate estimate of the gecta dust
cloud size. But figure gppears consistent with Bart (2008), Wooden (2008) and Table 1
for 50 seconds after impact.

It is expected that the LCROSS Team will issue an estimate of the likely magnitude of
the gecta curtain for use by amateurs between mission launch but before the impact
event during August or September 2009.

Whatever apparent brightness the gecta cloud will have will contrast against a 12 to 17
mpsas Earthshine illuminated lunar surface features and/or 4 to 6 npsas M oonshine
sunlight illuminated features (M ontafiés-Rodriguez and Goode, Sept. 2007).
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Because there currently is no officia published LCROSS visua magnitude estimate tha
can be relied upon by amateurs, preplanning event practice is difficult to undertake. As
discussed in Section 8.3, a recommended practice integrated magnitude interva is
between 0.9 magnitudes and 8.9 magnitudes. This corresponds to the faintest predicted
integrated magnitude that can be seen against an upper median mpsas of the bright lunar
limb (3.6 mpsas) and the faintest integrated magnitude that can be seen against the
brightest upper median mpsas of the dark lunar limb (11.6 mpsas).

Because of the lack of predicted integrated magnitude for the gecta curtain nothing can
be concluded with any reasonable certainty. Based on currently available information,
the assertion in NASA (2009f) tha the EDUS impact will be sufficiently bright that it
can be observed and imaged by amateurs using 10" or more of aperture cannot be
corroborated here.

Under the low-bound scenarios and during the first 60 seconds after the impact, the dus

cloud will sligntly extend above the rim of Faustini or a north polar target, providing

visua observers and imagers with athin, line-like extended target.

NASA (2008f) is an entertaining4 minute NASA-LCROSS Team video that summarizes
the information in this article can be seen via the internet. It includes an animation of an
gecta plume somewhat larger than the high-bound estimate gecta plumes discussed

here.

Elphic et a. (2007) adds a wild-card to these professional and amateur estimates in the
form of aproposed “we pocket” hypathesis. The LCROSS Team Current Best Estimate
Impact M odel (CBEIM) estimates are based on an assumed, conservative 1% hydrogen
and/or water content in target crater lunar regolith. Elphic et a. (2007) suggest that
pockets of “we” regolith may be preserved by buriad beneath 1 meter of the surface and
those pockets contain a maxi mum 20% water or molecular hy drogen content. Under this
hypahesis, Lunar Progpector faled to produce evidence of polar H,O because the
maximum crater depth tha Progpector could excavate, given its relatively light mass,
was & most 1 meter. The LCROSS EDUS impact will excavate to a depth of about 3
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meters.

If this less-likely, high-bound hypothesis proves to be true, the assunptions of the
LCROSS Team Current Best Estimate Impact M odd (CBEIM) will be invaidated and
their CBEIM cannot be expected to accurately predict either the size or brightness of the
gecta curtain. If theoptimistic Elphic et d. (2007) hypathesisis correct, the impact may

have amuch different brightness when viewed or imaged from Earth.

2 The inherent uncertainty surroundng the impad event

Science is about answering questions about unknown matters. Uncertainty is inherent in

any experiment that seeks to discover the unknown.

21 Uncertainty conaarning the geda doud magnitude

Amateurs will mostly be interested in detecting the gecta dust cloud from the EDUS
impact — the mog visually dramatic part of the mission. LCROSS Team publications
acknowledge the inherent uncertainty in their CBEIM predications regarding the size and
magnitude of this extended object.

With respect to LCROSS Team high-bound estimates, Schultz (2007) cautions that
Earth-based observers should not be overly optimistic:

Thetad gected massis predicted to be ~250,000kg but most of this mass will be
deposited within three crater-radii of the crater rim. For reference, ~ 2800kg
would be gected greater than an dtitude of 2km goproximately 50s after inpact,
with the gectacurtain achieving adiameter of ~ 8km across. Above an dtitude of
10km, the totad mass would be ~1000kg, 110s after impact with a curtain now
40km across. These represent ideal conditions. In reality, the gecta curtain will
likely exhibit clumps and irregul arities as they achieve very large distances from
the point of impad. Any estimates of gecta mass above an altitude of 10km is
subject to great uncertainty due to the breakdown of scaling reations at very

high gection speeds, i.e., early stages of crater growth.”
With respect to LCROSS team low-bound estimates, Heldmann et a. (2008) also notes
the that the low-bound CBEIM modds include design mar gins to assure mission SUCCesS.

Low-bound estimates should be considered conservative. Thus, observers should not be
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overly pessimistic:

To ad in the formulation of the LCROSS mission and measurement design, a
compilation of modd results has been built which summarizes the current best
estimate for the impact event. This summary, cdled the Current Best Estimate
Impact Mode (CBEIM), includes both high and low vaues for a variety of
rdevant physica quantities including crater dimensions and ejecta velocities. In
most cases the “ current best estimate’ was used for desi gn purposes, however, on
a case-by-case bases additional “margn” was dlowed for by using the modd
results between the best esimate and the modeled low estimate (e.g., often the
values closer to the low-end expectation for the total gected mass above 2 km

were used in order to build in margin).
Experience during another impact mission is consistent with these cautions regarding
uncertainty. Richardson, M osh and Greenberg (2003) also did pre-encounter impact
moddingfor the July 3, 2005 Deep Impact event. Accordingto Ky & Teescope (2009),
the Deep Impact gecta cloud was more than 100 times its pre-event predicted size
because the surface a the impact site was different than that assumed for pre-event
models. M cRobert (2005) and Univ. of M aryland and NA SA (2008d) reported that this
resulted in an gectacloud so largethat it increased the bri ghtness of Comet 9P/Tempd 1
by 2 goparent magnitudes and was observed by amateurs a 130,000,000 km using 9 to
24 inches of agperture (Bennion, 2005 (e.g. - animated image); NASA-JPL Horizons
Ephemeris Service (1.3 x 108 km distance).

22 Uncertainty regardng the naured the lunar sal at the impact dte

Good experiments seek to resolve substantid questions regarding unknown matters
where scientific minds can reasonably disagree. Such disagreement leads to controversy.
LCROSS seeks to answer the significant question of whether future lunar exploration

will be easier because a key live-off-the-land resource is present on the lunar surface, or

whether lunar exploration will be harder because resources must be lifted from Earth to

lunar L3 and L4 storage depots. Important questions and reasonable disagreement breeds
controversy and makes for robust discussion. LCROSSIs not an exception tothispattern
of discourse.

The history of research concerning hy pathesized lunar polar ice dso is a classic example
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of the interplay of theory and observation. It is this interplay tha makes the LCROSS

experiment such an engagng and developing sci ence story for amateurs to follow.

Uncertainty inthe outcome of the EDUSimpact is caused by the unknown characteristics
of the impact site that LCROSS seeks to discover. Those uncertain characteristics,
according to Jutzi and Benz (2006) and Jutzi and Benz (2008) concern (1) the
concentration, nature and depth of known demental hydrogen deposits, (2) the density
and porosity of the lunar regolith (grain size and surface strength), and (3) theinclination
of theterrain a the point of impact (e.g. - strikingthe side of asmall hill). Shuvalov and
Trubetskay a (2008) question that the percentage of regolith below 1 meter raised into the

gectacurtan may not be sufficient.

Scientific debate centers on two key quegtions: Firg, wheher the naura processes tha
might deposit waer layers in polar regolith are sufficient to creste and preserve
detectable layers of frost or ice. Second, whether the impactor, considering that a
significant portion of its mass is contained in a hollow container, will excavate a
sufficient mass of lunar regolith and will raise that mass to a sufficient height where a

water or OH molecular signal can be detected by spectroscapy .

Watson, Murray and Brown (1961) proposed theories of lunar polar ice that reasoned

comet impacts on the M oon would spray large areas with water ice and vapor. They
suggested that some gecta from a water-heavy cometary impact might trap water-ice in
cold, permanently shadowed polar craters. Slade, Butler and M uhleman (1992) re-
invigorated early theories by the discovery — through radar reflections — of ice in the
permanently shadowed polar craters of Mercury. If ice can exist so close to the Sun,

surely it mug exist a the lunar poles?

Lucey et d. (2006) recitethat Apollo lunar rock returns established amean water content
of lunar rocks at 0.045%.

Arnold (1979) outlined the parameters of the trgoping and preservation of lunar polar
H,O deoosits. There are three primary sources for H degposition into lunar regolith: (1)
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solar wind reduction of lunar soil, (2) meteoroid impact, and (3) cometary impact. HO
molecules in impact gecta can skip or “ utter” across the lunar surface by aprocess of
absorption and re-excitation in jumps of 120 to 250 km. M eteorite “ gardening’ reworks

the lunar surface on the order of 10* yearsto adepth of 1to 2 meters. Considering lunar

polar precession, some craters at the poles may have been permanently shadowed on the
order of 2 billion years. These permanently shadowed craters can form cold traps in
which sputering H,O and disassociated OH molecules can be trapped and preserved.
Once phato-dissociated, H molecules can be stripped from Moon since the solar wind
can acceerate H atoms to escagpe velocity. OH molecules have 17 times the mass of H
atoms and, hence, require 17 times the energy to reach lunar escape veocity. Unlike
hydrogen, sunlight cannot provide sufficient energy to acceerate OH to lunar escape
velocity. Ingead, OH molecules skip or “ spuiter” across the lunar surface by aprocess
of absorption and re-excitation. Arnold concluded that to trap H,O or OH molecules, the
craters must be sufficiently large and have sufficiently deep shadows to maintain
temperatures below 200 Kelvins (-73 degs Cdsius). Arnold estimated that the minimum
diameter of a shadowed polar crater that would maintain such low temperatures a 30

meters.

Arnold (1979) crested a mode for possible lunar depaosits: most-probably buried, but
aso exposed, ice banks in permanently shadowed craters.

Debate over Arnold’s modd continued through the 1990s. Hodges (1991) reexamined
Arnold's mode and concluded that effective trangport of H/XO or OH molecules by
sputteringwas not possible. Freeargon in the lunar regolith would combine and tragp any
freewater molecules. If thereis no transport mechanism, there can be no lunar polar ice.
Hodges concluded that the “[p]rogpects for finding useable resources for water ice in
lunar polar cold traps appears blesk.”

Conversdy, Morgan and Shemansky (1991) reexamined Arnold (1979) concluded that
dthough a a greatly reduced transport rate compared to Arnold, OH molecules could be
trangoorted by gputering to cold lunar polar ice traps and creste ice layers up to 1
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centimeter thick. But the lifetime of such deposits would be limited by the period in
which thetop 1 meter of the lunar regolith was recy cled by meteorite impact “ gardening’
and by interstellar cosmic ray induced H Lyman evaporation of OH molecules. Even if
cold-trapped in permanently shadowed craters, gdactic cosmic rays griking the lunar
surface can still eveporate ice. Morgan and Shemansky concluded that it might be
possible for frost layersto be dgosited and preserved, if such water-lay ers were buried
by the gecta blankets from nearby meteorite impacts before cosmic rays eveporaed
them. A thin overburden of regolith would prevent evaporation of theicelayer. M organ
and Shemansky predicted that: “[a] core tube driven into apermanently shadowed regon

would reved an uneven pattern of aternating horizons of ice and regolith.”

Further observations from the 1998 Lunar Progpector mission re-invigorated the lunar
polar ice debate. Feldman et d. (1998) reported low resolution neutron spectrometer
scans of the Moon's poles by Lunar Progpector detected eevated hydrogen
concentrations (Goldstein et d., 1999; Feldman et d., 2000). Feldman et d. (2000) noted
that Lunar Prospector scan datawas cdibrated usingthe hy drogen content in lunar rocks
returned from Apollo missions and a low resolution map of eevated hydrogen
concentrations at the lunar poles was generated. The low resolution Lunar Prospector

hy drogen maps show H diffusely spread across the lunar poles.

However, the Lunar Prospector neutron gpectrometer could only detect the presence of
elementa H. Prospector could not determine identity of the molecules in which the
hy drogen mi ght be combined, i.e. — OH, H,O or other hy drogen sulfides.

At the end of the mission on July 31, 1999, the Lunar Prospector satdlite was crashed
into south polar crater Shoemaker generating a 1 meter deep crater. OH or H,O was nat
detected in its smal gecta plume. Goldstein et d. (2001) concluded that the negetive
result was caused by the dark limb of the M oon acting as acold sink that quickly trapped

most of the measurable volatil es from the impact.

Margot et d. (1999) surveyed paentid cold trgps & the poles using topographic data
generated by radar interferometry. They estimated tha pole-ward of 87.5 degrees at each
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pole, there were potentidly 1,030 such cold-trgps in permanently shadowed regons
(PSRs) with a combined surface area of 2,550 sq km.

Feldman, M aurice and Lawrence et d. (2001) concluded that a2 billion year “ gardening’

rate would berequired to preservewater ice a 2 meters below the surface of theregolith.

Hodges (2002) reexamined the evidence for transport mechanisms and meteoritic
gardening, repeating his earlier review, Hodges (1991). Hodges concluded that applying
conservative transport parameters “the concept of water ice a the lunar poles is
insupportable.” Hodges aso estimated therate of lunar regolith turnover from meteoritic
gardeningto adepth of 15cm at oncein 1 ggayear.

Bussey et d. (2003) re-examined the minimum latitude at, the best diameters for and the
best locations for permanently shaded polar regons within craters based on Pike's 1977
relationships between crater depth and diameter (Pike, 1977; Pike, 1976). Bussey et d.
(2003) computed the temperatures inside Pike-type simulated craters to characterize
those craters that would have be sufficiently permanent and cold in order to be candidate
lunar ice craters. Then Bussey et d. (2003) examined Clementine polar mosaics and
identified dl craters within 12 degrees of the poles that paentidly could contain polar
ice. 832 smdl craters were identified in the north polar regon; 547 craters were
identified in the south polar regon. Together, these 1,379 craters contained about 7,500
sg. kilometers in permanently shadowed regons. Bussey et d. (2003) includes polar
maps marking the locations of those craters. Their work updaed the 1999 survey by
Magot et d. Bussey @ d. (2003) dso proposed a significant new concept: ultra
shadowed craters-within-shadowed-craters may bethe best cold trap candidates for lunar

polarice.

Campbell et d. (2006) conducted 20-m resolution, 13-cm-wavel ength radar imaging of

the south polar regon and found no radar reflections consistent with surface ice, similar

to tha returned fromicea M ercury’spoles. They concluded that the ementa hy drogen

found by Lunar Prospector must be diffused throughout the polar regolith: “If the

hy drogen enhancement observed by the Lunar Prospector orbiter indicates the presence
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of water ice, then our dataare consistent with theice being present only as disseminated

gainsin thelunar regolith.” 1d.

Elphic et d. (2007) reprocessed Lunar Prospector hy drogen detection dataand produced
higher resolution hydrogen resource maps. Ther resource maps associated Lunar
Progpector dementa H concentrations with smaler polar sized craters. Elphic et d.
(2007) concluded that in 19 km diameter Shackleton crater, “the derived count rates are
consistent with 10% of the crater floor area having 20-wt% water-equivaent hy drogen.”
LCROSS Team members concluded that this may indicate a crater scaling effect to
hydrogen resource concentration. Bart (2008, Side 10). Larger craters above 50 km
diameter, like Shoemaker, are less likely to contain high concentrations of hydrogen or
water concentrations. Faustini was predicted to have 0.3% to 0.4% water content by
welght.

In a second October 2008 deconvolution anadysis of Lunar Prospector neutron detector
data, Ekeet d. (2008) concluded that the dementa H found by Lunar Progoector was nat
diffuse — it is concentrated in cold trgps: “[T]he Lunar Progpector daa alone require the
polar hydrogen excess to be concentrated into the permanently shaded cold traps, rather

than being more diffusely distributed. In some craters the concentration of hydrogen is
sufficiently high that it corresponds to 1 wt% water.” Eke et d. (2008) (at Figure 4)

plotted DEM computed regions of permanently shadowed cold traps over ther
deconvoluted Lunar Prospector H concentration maps. Their Figure 4 graphicdly
illustrates the association between cold traps and higher H concentrations.

In November 2008, Haruyama et a. (2008) imaged the interior of 10.5 km diameter
south polar Shackleton to a resolution of 10 meters using Kaguyds Terran Camera
(Wood, 2008a (image)). They concluded that the lack of high albedo surfaces inside
Shackleton precluded surface ice, but does not exclude that “water-ice that is present
may be buried by athin regolith (lunar soil) layer...”

The LCROSS Team and independent researchers have devoted significant effort to
modeling the physica ejectacloud that will result from the EDUS impact, the size of the
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impact crater and the likely brightness of that gecta cloud, as seen both from an Earth
and spacecraft viewpoint (Ernst and Schultz, M ay 2008 (high-velocity gun shooting solid
pyrex spheres — initid impact flash); Hermayn et d., M arch 2009 (high-velocity gun
shooting hollow-sphere); Jutzi and Benz, 2006 (solid sphere impactor moddl); Jutzi and
Benz, Feb. 2008); Korycansky et d., 2008 (solid sphereimpactor modd); Schultz , 2007
(crater scding rel ationships); Shuvaov and Trubetskaya, 2008 (hollow sphere impactor
moded); Summy et a., 2009 (OH, H20 and gecta dust cloud modeing); Wooden, 2008
(gecta curtain reflectance modd). For summaries of conclusions, see Bat (2008) &
Sides 13-20; Bussey (2008a) a Sides 11-15; Heldmann (20064) at Slides 14-20; and
Wooden (2008) a Sides 2, 21-24.

These current LCROSS efforts are built, in part, on earlier work simulating crater
impacts and the resulting dugt gecta clouds and vgoor clouds by Schultz and Gault
(1985), Schultz and Gault (1986a) and Schultz and Gault (1986b).

One of the more difficult aspects of modeling the LCROSS impact is that the EDUS
booster is a complex hollow shape. The LCROSS Team predicts that the EDUS will
make a crater about 3 meters deep — sufficient to excavate any hypothesized buried ice
lay ers beneath 1 meter (Bart, 2008; Bussey, 2008a) and Heldmann, 2006a).

In February 2008, Shuvaov and Trubetskaya (2008) adso modeled the predicted size of
the EDUS s impact crater, using theoretica sphere shapes. Shuvdov and Trubetskaya
concluded that because the EDUS s a hollow shell, it will excavate an impact crater 3
meters deep but most of the gecta plume will consist of materids excavated from the
upper 1 meter of meteorite “gardened” regolith. Shuvadov and Trubetskaya concluded
that “[i]f theice-rich regolith is covered by a layer of dry regolith more than 0.5-1 m

thick, the ice may even not appear in the gecta plume, thus significantly reducing the

importance of the planned experiment.” 1d.

Hermalyn, Schultz and Heineck (M arch 2009) conducted follow-up high-velocity gun
experiments using hollow-spheres, as opposed to the solid spheres used in Ernst and
Schultz (2008). They found that hollow spheres were associated with lower dugt curtain
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gection anges that "depat from main-stage power-law excavation flow." The early
high-speed ejecta consists of fine materials that have arelatively smal volume compared
to the tatd gected amount. More teting and modeing will need to be done to
characterize the g ection pattern of hollow spheres.

The year 2008 aso saw a dramatic illustration of the role of uncertainty and
serendipitous discovery in search for extra-terrestriad water. In M ay 2008, NASA (2008i)
reports that the M ars Phoenix Lander settled on what gopeared to be a slab of carbon
dioxideiceburied by athin soil layer.

Figure 3 — Atmospheric evaporation of water ice crystals (small blue crygals in shaded
lower left corner of trench) over four days at Phoenix landing site, Mars, June 2008 (NASA,
2008j). Photo Courtesy of NASA.

On June 20, 2008, NASA (2008)) reported that the Phoenix mission confirmed the
presence of subsurface water ice a high north Martian latitudes. Considering the

geog aphic size the northern M artian latitudes, that Phoenix serendipitously could land
directly on a carbon dioxide ice slab and a water ice frost layer defies datitica

probability .

2.3 Given theuncertainty, should amateurs image?

Wood (2008b) gves sage advice with respect expectations regardingthese impact event:
“[A]ll amateurs should attempt to image the event because there are too many variables
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to redly make robust predictions — and observations are more authoritative than theory!”

In the remainder of this article, recommended pre-event amateur imaging practice is
discussed first. Second, the LCROSS mission and each of the four LCROSS rdated

imaging opportunities are discussed.
3 Impact targets
31 LCROSS target impact crater cand dates

In November 2008, NASA (2008d) requested amateur imagng assistance for the
following candidate targets for the LCROSS impact:

Target Dia.km Area Lunar coords.

Region A—inNansen F North polar 8445N,622E
Crater F—k.n.a. Fibiger 177 North polar 86.2N,384E
Faustini 415 South polar 875S,831E
Shoemaker 50.9 South polar 88.3S,434E

Table 2 - Candidate EDUS impad targets as of November 2008 (NASA, 2008d).

The USGS Gazetteer of Planetary Nomenclature lists the coordinates of Faustini as S37.3
E77.0. Therefore, thetarget described as Faustini in NASA (2008d) probably refersto a

permanently shadowed regon within Faustini.

Bart and Colgprete (M arch 2009) issued an expanded candidate list and maps for both
the southern and northern aress. The expanded M arch 2009 candidate target list is:
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Target Area Lunar coords.

Region A—inNansen F North polar 84.45N, 62.2E
Region D —areaadjacent Nansen F North polar 85.3N, 480E
Fibiger —f.n.a. Crater F . North polar 86.2N, 384E
Erlanger —f.n.a. Crater C 9.9 North polar 86.9N, 286E
Crater E — unnamed crater near NP ~13 North polar 89.1IN, 933E
Hermite A —fn.a Crater B 20 North polar 87.8N,471W
Faustini 415 South polar 87.5S,83.1E
Shoemaker 50.9 South polar 88.3S,43.4E
Cabeus 98.0 South polar 84.9S, 35.5W
Shackdton 19.0 South pol ar 89.9S, 0.0

Table 3 - Candidate EDUS impad targets, revised March 2009 (Bart and Col aprete, 2009).

This M arch 2009 candidate list is provisiona and afind candidate will be seected, in

part, based on initid imagery and remote sensing data from LRO (Bart and Colaprete,
2009).

For the purposes of this aticle, the narrower November 2008 list target candidates
identified in NASA (2008d) and T able 2 are discussed.
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Figure 4— Daily Altitude of the Moon at Transt for May-Nov. 2009 at three latitudes: S34,
N19 and N40.

If theimpact occurs between the second week of July and thefirst week of August 2009,
western-southern hemisphere observers near the Pecific Coast will be most favored. For

northern hemisphere observers, the tilt of the Earth’s axis places the M oon low on the
horizon during the July and August, but & a high dtitude for southern hemisphere

observers.

3.2 South pdar canddate area

Location by Earth-based observers and the subtle illumination of the south target Faustini
is shown in aDecember 8 imaging session by amateur Clif Ashcraft of Perrineville, New
Jersey, Figure 5, below.

Ashcraft’s image was taken on Dec. 8, 2008 a 4:27 UT with a 184mm Schupmann
M edid and a DM K31 camerausing an effective focal length of gpproximately 5100mm.
South is up and left iseast. Dats identify features as follows: Red — Schomber ger, Blue—
Schomberger A and C; Green —M dapert K; Yellow —the M dapert E“ keyhole’ crater.
TheM aepert E“keyhole” consists of two impad craters on the northern flank of south
polar mountain Leibnitz Beta. The southern rim of Faustini is seen beyond M dgert E

and southern edge of Leibnitz Beta
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The southern target zone around Faudini is shown in aless favorable libration in this
Nov. 7, 2008 image taken by LCROSS Team astronomer Diane H. Wooden using the
near-IR SoeX spectrometer and imagng camera of the NASA InfraaRed Teescope
Facility (IRTF) onM aunaKea, Hawaii, Figure 6, below.

FAUSTINI

Figure 5 — Faudtini and the southern polar area on 8 Dec. 2008. (Color-coded craters are
identifiedin text). Photocourtesy of C. Ashcraft. In theimage, lunar north isup and lunar
ead (celestial west) is to the right.
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Malapert €

‘Amundsen

Figure 6 — The southern polar area around Malapert E on 7 Nov. 2008 (Malapert K
midabeled as Schomberger K, see USGS Gazetteer of Planetary Nomendature) (NASA,

2008e). Photo courtesy of NASA and NASA Ames Res. Center. In theimage, lunar north
is to the upper-right andlunar east (celestial west) is to the right.

The Faudini-Shoemaker area is best found by locating Schomberger and its satdlites,
Schomberger A and C. Then traverseto M dapert K and proceed south to M dapert E, a
smdl 17 km dia “keyhol€’ shaped crater on the flanks of southern mountain Lebnitz
Beta. After topographic orientation, observers typicaly directly locate M dapert E, but
theM dapert E landmark becomes increasing invisible towards full M oon illumination.

The Earth-based view is extremely foreshortened and the true nature of the topography is
shown in NASA 2008b: a 2007 digta-eevation polar-view moded prepared by NASA's
Jet Propulsion Laboratory data collected with the facility's Goldgone Solar System
Radar. Leibnitz Betais amassive plateau that Earth-based observers ook over to seethe

far rim of Faustini.
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Figure 7 — A polar DEM rendering of the southern polar area prepared from Gol dstone
radar study (NASA, 2008b). Image courtesy of NASA and NASA Ames Res. Center.
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Figure 8 — Whitaker’s 1954 Drawing of the South Polar Area (Wood, 2007; Whitaker,
1954). Courtesy of the J. British Astronomical Assoc.

In Figure 7, above, “F” is Faustini; “Sh” is Shoemaker; “S’ is Shackleton and “LB” is
Leibnitz Beta.

Whitaker's 1954 drawing of the lunar south pole, Figure 8, above, still is a useful
reference map to deciphering the extreme limb view of this area (Wood, 2007). M osher

(2008) has prepared a compasite image overlaying Whitaker’s chart on a modern
amateur image of the lunar south pole. On Whitaker’s chart, Faustini is labeled “ R3”
and Shoemaker “ R4”.

In both Figure 7 and Figure 8 (Chart A), Madapert E “keyhole’ feature is convenient
landmark to orient onesdf to thetopography.

Figure 7 and Figure 8 nicdly illustrates the technologica progress of lunar science over 5
decades between 1954 — the pre-Soutnik era - and 2008 — during the pos integrated

circuit era

Cabeus gppears on Chart “A” of Figure 8 and is adso shown in the following simul ated
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illumination rendering:

Figure 9 - Smulated view of west half of the southern target area and Cabeus on May 16,
2009 20UT in 3rd Quarter illumination at -2.5 degrees libration in latitude (Chevalley and
Legrand, 2009, Virtua Moon Atlas). In the image, lunar north is up and lunar east
(celedtial wegt) is to the right.

Soudis et d. (2008) classify massifs in the south polar area, such as Leibnitz Bea, as
being associated with the pre-Nectarian 3.9 Gyr South Pole-Aitken (SPA) basin.
Faustini is aNectarian impact. They reclassify Shackleton from the Eratosthenian age to
a 3.6 Gayear-old Imbrian age.

33 North pdar candidate area

The northern target area was more enigmatic during the December 2008 and January
2009 LCROSS Amateur Observing Campaign imagng sessions.  Libration on those
dates placed the Byrd C-D target zone directly on the goparent limb; Nansen F was on
the farside of the apparent limb. A synthetic Earth-based and polar view renderings
generated from the Clementine north polar mosaic (USGS, 1996b) using the LTVT
software tool identifies navigation landmarks to the Bryd C-D area and the Nansen F

aea
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Figure 10 -Earth-based view of the Bryd C target area — east-half of northern pole - on 6
Dec. 2008 (Clementine USGS, 1996b (labeled using LTV T)). Image courtesy of USGS. In
theimage, lunar northisup and lunar east (celestial west)istothe right.
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Figure 11 — Polar-view of the Bryd C and Nansen F target area on the east-half of the
northern poless (Clementine USGS, 1996b (labeled usng LTV T)). Image courtesy of USGS.
In theimage, lunar east (celestial west)istothe right.
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In Figure 11, the white square in the floor of Nansen F is the northern target Regon A.
Theyédlow square between Nansen F and Byrd Cis the northern target “Crater F”. The
North Poleis the blue-green square. A close-up of the areawith south a the top and east
to theleft is shown in Figure 13, above.

Figure 12- Location of newly |.A.U. craters Fibiger and Erlanger at north lunar pole
(USGS, 2009a). Image courtesy of USGS. In theimage, lunar east (celestial west) is to the
right.

On January 22, 2009, the U.SG.S Adrogeology Research Program implemented |.A.U.
nomencl ature changes to the north polar area, LCROSS F was renamed Fibiger, after
Danish Nobe Prize winning pathologst Johannes Andreas Grib Fibiger. The USGS
Gazetteer of Planetary Nomenclature lists the coordinates of 17.7 km dia Fibiger as
N86.08, E37.3. Conparison of Fibiger's coordinates to the NASA LCROSS announced
coordinates of Crater F a N86.2, E38.4 indicates that Crater F is Fibiger. Thisis also

confirmed by an LCROSS slide presentation that graphically marks Crater F a the same
location as Fibiger (Bart (2008), Side 8; M argot et d., 1999).

A second crater near Fibiger is now called Erlanger, after American Nobd Price winning
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physiologst Josgoh Erlanger (USGS, 2009b). Thisis same as LCROSS Crater “C”.

These nomencl ature changes arereflected in Figure 12, above (USGS, 20094d). In Figure
12, Erlanger is labeled with ared square; Fibiger islabeled with aydlow square.

Figure 13 —Close-up polar-view of the Bryd C and Nansen F target areas with Bussey col d-
traps (Clementine USGS, 1996b (labeledusng LTV T). (Codor-coded craters areidentified
in text). After Bart (2008), Slide 8; Margot et al. (1999). Terminator lines (red-blue) are
for the beginning of the favorable libration imaging opportunity on 14 Feb. 2009 12:00UT.
Image courtesy of USGS. In theimage, lunar east (celedtial west) is to the right.

In Figure 13, the North Poleis at the cross-hairs. The green dot is Nansen F. Region A is
the white-dat labeled in the floor of Nansen F. Colgorete (2009) confirmed that. Regon
A is asugpected water-rich regolith area within shadowed crater Nansen F. The ydlow

square is Crater F-Fibiger. The blue circle is Byrd D. Theydlow circle is the north end

of Byrd. Thered circleis Peary. The red square in Figure 13 is Erlanger — Crater “C”.
Rkl (2004) shows this areaon his chart - Libration Zonelll.
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Figure 14 — Small craters on floor of the interior of Nansen F (Clementine USGS, 1996b)
Image ocourtesy of USGS. In theimage, lunar east (celestial west) is to the right.

Figure 14 shows a high resolution view of theinterior of Nansen F. Any of the numerous
smal craters on the floor of Nansen F larger than 30 meters can act as a cold-trap

(Arnold, 1979). Any such craters in the permanently shadowed areas of the Regon A

target area might be enhanced shadowed-craters-within-shadowed craters cold traps
(Bussey ¢ d., 2003).

Northern candidate targets added by Bart and Colaprete (M arch 2009) (Table 3) are
shown in Figure 15:
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Figure 15 - Close-up pal ar-view of the Hermite A to Bryd D target area and the west-half of
the northern pole (USGS, 2009a). Image courtesy of USGS. In the image, lunar east
(celedtial west) is to the right.

Color-coding of features in Figure 15 is after Figure 13, with the following additions:
the pumple square marks Hermite A, Crater E near the North Pole north of Peary is
marked with a the purple “+” sign, and permanently shadowed Regon D between

Fibiger and Nansen F is marked with apurplecircle.

Figure 16 is a synthetic image of the northern pole on April 9, 2009 at 11UT. Figure 16
showsthetopography west from Nansen F to target candidate Hermite A:
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Figure 16 - Earth-based view of the Hermite A to Fibiger target area on 9 Apr. 2009
(Clementine USGS, 199%b (labeled using LTVT)). In the image, lunar north is up and
lunar east (celestial west)isto the right.

Color-coding of features follows Figure 13 and Figure 15. Hermite A is the purple
square; the purple “+” sign is Crater E, the red square is Erlanger; the ydlow square is
Fibiger; and the purplecircle is Regon D between Fibiger and Nansen F.

Images unambiguously showing the northern target areas were not obtained from the
December 2008 and January 2009 LCROSS Amateur Observing Campai gn sessions.

On Jan. 13, 2009, Adam Block captured this 3@ quarter illuminated image of the north
and northeast lunar pole during a more favorable topographic study libration using
600mm of gperture, an effective foca length of 4755mm and an STL1100 camera from

Mt. Lemon, Arizona
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Figure 17 —Byrd C-D Area by Adam Blodk on 13 Jan. 2009 6:33UT. Photo courtesy of
Adam Blodk/Mount Lemmon SkyCenter/University of Arizona. In theimage, lunar north
isup andlunar east (celedtial west)is to theright.
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Figure 18 - 1975 Extremelibration image (+6.9 in latitude) by John Sanford. Labeling by
J. Mosher. Photo courtesy of J. Sanford. In the image, lunar north isup and lunar east

(celedtial wegt) is to the right.

Bryd D is seen northeast of landmark crater Scoresby with the LCROSS target Crater F
sittingin adark wdl just inside the terminator.

Figure 18 isa 1975 extremelatitude libration image taken by John Sanford. Comparison
of Sanford's and Block’simages illustrates the need for pre-event practice observing and
imagng in order for observers to become familiar with north polar tapography under
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conditions of changing illumination and libration.

Tedescopic navigation to these northern polar areas proceeds by locating either Scoresby
or M eton and then moving north to locate M ain and Chdlis. The Byrd C-D arealies on
the shorteg line between the centers of M ain and Chdlis to the northern goparent limb.
Nansen F istothe east of tha point.

In favorable third quarter illumination, C. Mayer and Democritus are prominent
guideposts which can used to locate Scoresby and DeStter on the terminator. For smaller
telescopes, C. M ayer, Democritus and Aristateles form a large triangular asterism that

eases initia orientation.

In first quarter illumination, the Nansen F target area is navigated to by proceeding
northeast from DeSitter.

Further target location and navigetion information for amateurs can be found at the
comprehensive The-Moon-Wiki LCROSS Observing Campagn reference site
maintained by LTVT co-creator Jim M osher (M osher and Bondo, 2009) and at the Pages
section of the temporary officid NASA LCROSS Observation Campaign Google Group
(NASA, 2008g).

34 Fnd target Hectionshawe not been announced and may dhange

Final target selections have not been announced. Colaprete (2009) and Bart and
Colaprete (2009) report tha the LCROSS Team is still findizing target selection based

on the most up-to-date imagery from Kaguyaand further Arecibo radar studies. Bart and
Colagprete (2009) nate that the LCROSS Team will use imagery and sensing data
gethered by LRO (e.g. — mini-RF radar) during LCROSS s three month cruise phase to

select thefind target. A prdiminary announcement as to candidate targets will be made
shortly after launch (Kumar, 2009, quoting LCROSS Team member Heldmann). Fina
target selections will be announced thirty days before impact. Mission launch date is
currently set for May 7, 2009 (Tooley, Feb. 12, 2009), a target date slipped from April
25,2009 OUT (April 24, 2009, 8om EST) (NASA, 2009b); NASA, 2009c¢).
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Gald (2008), Slide 11, lists three possible mission lengths ending in either a north or
southpoleimpact: 86 days (southpoleimpact), 100 day s (northern impact) and 114 day s
(southern impact).

Thisimplies probableimpact dates of:

Estimated
Launch Date = Mission Days I mpact Date

24-Apr09 86 19-2ul-09
24-Apr09 100 2-Aug-09

24-Apr09 114 16-Aug-09

Table 4 - Estimated Impad Dates based on Galal (2008), Slide 11.

However, a review of lunar librations in conjunction with the LCROSS mission

constraint tha theimpact be observable by ground-based telescopes favors fina selection
of targets in the northern pole based on an April 25, 2009 or M & 7, 2009 launch date:
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Description

Feb.9to Feb. 20

Feb. 25 to Mar. 6

Mar.7 to Mar. 21

Mar. 28 toApr. 1

Apr.2to Apr. 17

Apr.29to Mgy 14

May 26to Jun. 10

Jun.9to un. 16

Jun.25to ul. 8

dul. 7todul. 15

Jul.25t0 Aug. 4

Aug.4toAug. 14

Aug. 23 to Sept. 2

Libration nod in 3rd-4th Qtrs for Hermite A area. Max | ati -
tudelibration for Hermite A of 7 degson Feb. 15.

Libration nod in 2nd Qtr. Max | atitudelibrati on of Faustini 5
degs around Mar. 3.

Libration nod in 3rd-4th Qtrs. Nansen F at mex. latitudeli-
brati on approx. 7 degs around Mar. 13 then in shadow.
Fibiger at mex. | atitude libration gpprox. 6 degs around Mar.
15 thenin shadow. Hermite A mex libration on 3-14-2009
at 7 degs.

Libration nod in 14 Qtr. Max | atitudelibration of Faustini 6
degs at beginning of window around Mar. 28.

Libration nod in 2nd-3rd Qtrs. Nansen F and Fibiger at max.

| atitude libration gpprox. 7 degs around Apr. 10then in
shadow beg. Apr. 12. Fibiger at max. | atitude libraion
approx. 7 degs around Apr. 10then inshadow about Apr. 15.
Hermite A begins on Apr. 6 with max. latitude libraionon
Apr.11 at 7.2degs.

Libration nod in 1¢-2nd Qtr. Nansen F at mex. latitudelibra-
tion approx. 7 degs around May 6then inshalow beg. about
May 10. Fibiger at mex. latitude libraion approx. 7 degs
around May. 7then inshadow about May 13. Hermite Ain
2nd-3rd Qtrs begins on May 4with mex. latitudelibretion 65
degson Mgy 7.

Libration nod inl1g-2nd Qtr. Nansen F at mex. latitudelibra-
tion approx. 6.5 degs around June2. Fibiger at max. latitude
li brati on approx. 7 degs around June 3. Hermite A in 2nd-
3rd Qtrswith mex. | atitude libration on Jun. 4 at 7.1 degs.

Cabeus libration nod in 3rd-4th Qtrs. Max | atitude libration
onJun. 16 at 76 degs.

Libration nod in 1¢-2nd Qtr. Nensen F at mex. latitudelibra-
tion approx. 6.3 degs around July 1. Fibiger at mex. | atitude
librati on approx. 6.3 degs around July 1. Hermite A in 2nd-
3rd Qtrsbeginning July 4 with max. latitude libration on July
4 at 5.5degs.

Cabeus libration nod in 2nd-3rd Qtrs. Max | atitude libraion
ondul. 15 at 64 degs.

Libration nod in 1¢-2nd Qtr. Nensen F at mex. latitudelibra
tion approx. 7 degs around duly 28. Fibiger at max. latitude
i brati on approx. 7 degs around July 28.

Brief southernlibration nod in 2nd 3rd Qtr. Max | atitude
libration of Faustini 3 deg around Aug. 6-7, then Faustini is
in shadow. Cabeus libraionnod in2nd-3rd Qtrs. Max | ati-
tudelibration on Aug. 12 & 6.3 degs.

Libration nod in 1¢-2nd Qtr. Max Libraion of Nansen F at
Aug. 25. Fibiger maxlibration and enters sunlight on Aug.
26.

Table5 - Libration cydes from February to August 2009 with favorable maximum li br ati ons
in latitude.
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Table 5 lists favorable libration-in-latitude observing windows based on a 40N, western
continenta United Sates observing point using United Sates dates. Thetopographicaly
favorable windows identify libration nod cycles. A "libration nod" refersto the goparent
view of atarget area as it is first on the goparent limb. On successive lunar days, an
observer will see the target exhibit an apparent motion where it moves off the limb and
then returnstothe limb. For individua observing points, actud libration in latitude and
the date of maximum libration will vary from those shown below due to topocentric
libration. Specific dates for individua observing points should be verified using lunar

planetarium software.

The implication of the libration nod cycles shown in Table 5 is that there are no
favorable libration cycles for the southern polar areas from mid Ma& through early
August, except for Cabeus in mid-July. A consequence of that Earth-Sun-M oon
geometry istha LCROSSwill most likely impact in the northern polar areafor a launch
date of May 7, 2009 in order for the impact to be visible from Earth-based ground

telescopes, dthough some possible mission schedules allow for asouth polar scenario.

The foregoing discussion does not mean that the southern target area is no longer
relevant for the pre-event practice and study discussed below. The LRO-LCROSS launch
date has been rescheduled severd times, e.g. - most recently onthe April 24, 2009 date.
If the May 7, 2009 launch date is scrubbed, a new launch window will be evauated.
That future launch window might dictate asouthern polar target.

Agan, all this is provisiona and will change based on the LCROSS Team's find target
selection announcement thirty days before impact.

Figure 13 of the north polar target area illustrates the theory behind selecting the best
crater to target the EDUSon.

The 1999 Lunar Prospector satdlite impact into Shoemaker fail ed to produce a sufficient
gectaplumeto return useabl e data. Lunar Prospector had amass of 156 kgand impacted

page 37



Icross SELENOLOGY TODAY # 13

a alow ange at 1.7 km secl. At most onimpact, Progoector possessed 2.25E+8 Joules

of kinetic energy and produced acrater only 1 meter deep.

This top meter of lunar sail is routinely churned by small impacts over the course of 1
billion years. Thus, Lunar Progpector did not have sufficient energy to penetrde to a
hypathesized hy drogen or water resource lay er beneath adepth of 1 meter. Bart (2008).

At aveocity of 2.5 km sec?, the 2,000 kg EDUS will impact with akinetic energy of
6.5E+9 Joules. The EDUS will excavate to 3 meters in depth. Colgorete (2008). It is
believed that the higher LCROSS impact force will produce a larger gecta cloud that
will yield adetectable signd.

As noted above, Elphic et d. (2007) produced higher resolution hy drogen resource maps
associated with smaler sized craters. Elphic et d. (2007) concluded that in some small
craters, “wd pockets’ of 10% water by weight are not excluded by available evidence.
Smilarly, Bussey et d. (2003) suggested that small shadowed craters within other
permanently shadowed craters may bethe best cold trgp candidates.

The smaler northern polar craters like Fibiger may bethefind preferred target.

4. Recommendations far preevent imagng practice

4.1 Generally

Recommended amateur imagng practice dates are gouped into three categories:
topogaphic, exposure calibration, and amateur photometric research. Tapogaphic
familiarization is designed to acquaint the amateur imager with the topography of north
and south polar areas near target craters. Vaiaions in illumination a the poles makes
acquisition of specific targets — that may be completey or amost fully shadowed —
difficult for beginner and intermediate imagers. Exposure cdibration involves practice
imagng to determine the effect of capturing relatively faint 3 to 6 mpsas extended
objects against the partidly illuminated lunar limb, the dark limb, or backscattered
washed-out background sky between 12 to 17 mpsas — conditions similar to the EDUS
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impact scenarios discussed here. Photometric research concerns better defining the
relative and absolute brightness of shadowed crater floors, hdf-illuminated crater rims,
background dark limbs, and backscattered bright night sky above the goparent lunar

limb.

Winter weather over much of the continental United States on January 2, 2008 prevented
most amateurs from participating in the January session of the LCROSS Amateur
Observing Campaign. Clif Ashcraft managed a grainy image during adverse winter
wesather that illustrates theimportance of thetopography and subtle contrast changes can
have when imagngthe July or August 2009 impact.

- ~_ /

!
~ [/

Faustini

~ Schomberger A

- Schomberger

Figure 19 — Faustini on 1 Jan. 2009 at 23:23 UT. Photo courtesy of C. Ashcraft. In the
image, lunar south isup and lunar east (celestial west) is to the left.

Compare Figure 5 with Figure 19. If the actud EDUS impact occurs in illumination

conditions similar to December 2008, then the gecta curtain will rise out of the dark
crater floor, pass a hdf-illuminated crater rim and then be contrasted against the
terminator backscatter night sky. If the impact occurs in conditions similar to January
2009 shown in Figure 19, then the gecta curtain rises directly into night sky and ther

appears to be less backscatter from the surrounding terrain into the crater floor.

Creating an aesthetic image of the impact will probably require two images — one
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exposing the fainter gecta curtan but overexposing illuminated festures on the
terminator. The second exposure will correctly expose lunar terminator features. As with
imagng Venus-M oon conjunctions, the two exposures will have to be combined using

digita darkroom techniques.
4.2 Topographic recognition practice

Figure 5, Figure 18 and Figure 19 illustrate the need for pre-event topographic
recognition practice before this unique one-shot event. Theilluminated topography of the
poles changes significantly by bath the colongtude of the terminator and libration.

Intermediate lunar imagers should not assume ease of target recognition.

Idedlly, topographic recognition practice should be done on those dates libration and sun
angle a the polesis similar to thelibration and sun sun ange as it will be seen a the date
and time of theimpact. As noted above, final tar get selections and the date of theimpact
are not known at this time. Initialy, it was thought that libration would be similar to
libration over the target area during LCROSS Team Observation Campaign imagng
requests of Nov. 2008, Dec. 6-8, 2008 and January 2, 2009. Review of images during
thosetimes indicate that may not be a correct assumption. For example, in the Nov. 2008
session image, Figure 6 above, Faustini was obscured behind Leibnitz Beta. On January
2, 2009, the Byrd C-D and Nansen F areas were not on the nearside of the gpparent limb.

On February 1, 2009, members of the LCROSS Observation Goode group informally
started to gather a catadogue of images of the northern and southern target areas through

one entire gpparent libration “nod” for both features — tha is when the north or south

target area first becomes visible on the gpparent limb, through maximum favorable

libration, and back again to a position near the gpparent limb. Images gathered during
that informa project will provide a baseline catalogue to aid visud and phatograph
amateurs to preplan based on the likely topographic gppearance of the final sdected

target area.
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Although the position of features during the entire course of a“libration nod” can essily

be simulated with planetarium software such as Virtud Moon Atlas, illumination of
features on each day of a “libration nod” cannot be simulated well by currently avail able

software.

Observers can learn much from becoming familiar with the target zones when they
present at favorable librations. Table 5, above, lists the dates of favorable libration nods
and the maximum libration-in-latitude of the current target candidates. Observers should
use Table 5 as ther primary planning guide for practice imagng a topographicaly
favorable librations-in-latitude. Table 5 presents estimated dates from which observers
can do a quick planning assessment can be done, but specific dates and these libration
cycles should be checked for an individual observing point using a lunar planetarium
program.

Figure 17, above, is an example of a topographic study taken a a favorable imagng

libration for the northern target area.

Table 6 is a more defined list of universa dates and times of combined favorable

libration and illumination limited to the Byrd C-D Fibiger, Nansen F and Faustini target
aress:
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Time
Target Date uT Lib. Lat.

Faustini 2009/02/28 14:38 -5.6
Nansen F  2009/03/13 19:00 +7.1
ByrdC-D  2009/03/16 12:00 +6.6w
Fausti ni 2009/03/30 03:59 -5.9w
Nansen F 2009/04/12 19:00 +6.3
Byrd C-D  2009/04/15 12:00 +4.2
Faustini 2009/04/28 16:24 -33
Nansen F  2009/05/12 03:00 58E +4.3w
Byrd C-D  2009/05/31 14:00 00E +5.2
Nansen F  2009/05/31 14:00 00E +5.2
Byrd C-D  2009/06/27 03:00 29E +4.6
Nansen F  2009/07/25 0700 1 52E +5.5w

ByrdC-D  2009/07/27 1700 1 22E +6.6

Table 6 - Imaging practice opportunities of selected target areas during topographically
favorable librations for Feb. 2009 through 31 July 2009 based on an observing point at
W 118 41N. Computed usng LTVT.

The“w” symbol in the right-hand column of Table 6 indicates events that are observable
for Intermountain and Pacific western continenta United States observers.

While observers can benefit from pre-event topographic recognition of the polar regons

above north 80 degrees latitude, their pre-event practice can be refined by applying the
knowledge that the LCROSS impact is aso constrained to certain phase ranges. NASA
(2008d) and Heldmann (2007) (at Side 11) notes that "[t]he LCROSS mission plansto
impact the moon when the lunar phase is goproximately between 76 degrees and 150
degrees [duringthe 1st and 2nd lunar quarters] and between 210 and 284 degrees [during
the 3'9 and 4™ lunar quarters].” NASA (2008d) use of theterm “ lunar phase’ refersto the
lunar age of the M oon —that is its orbita paosition during one revolution around the Earth
across 360 degrees beginning a the New Moon as measured from the Earth. These

LCROSS lunar orbit constraints creste 60 degree exclusion zones centered around the
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new and full Moon and are designed to “provide sun avoidance for space-based
telescopes, such as the Hubble Space Tdescope’ (NASA, 2008d).

The LCROSS impact target lunar ages correspond agpproximately to the following

terminator positions and lunar day's:

Lunar Terminator Terminator Illuminated Quarter
Age Lunar Day longitude Type Fraction

76to0 6.2 E14 Rising 38% First
150 12.3 W60 Rising 93% Second
210to 17.2 E60 Setting 93% Third
284 233 wi4 Setting 38% Fourth

Table 7 - Lunar ages during which the LCROSS impact will occur

Pre-event topographic practice can focus on those ages of the M oon which coincides
gpproximately to lunar days 6to 12 and 17to 23.

Comparing these constraints with libration nod cycles in Table 5, provides guidance to
select some representative librations and illuminated fractions for synthetic rendering of

thenorthernpolar areaa the limits of LCROSSilluminated fraction and age constrants:
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Figure 20 - Simulated view of east half of the northern target areain libration nod practice
window no. 3 per in Table 50on March 12,2009in Third Quarter at 93% illumination and
+6.2 degrees libration in latitude (Chevalley and Legrand, 2009, Virtual Moon Atlas). In
theimage, lunar northis up and lunar east (celestial west)istothe right.

Figure 21 - Smulated view of east half of the northern target areain libration nod practice
window no. 7 per in Table50on May 29, 2009 in First Quarter at 38% illumination and +3.0
degrees libration in latitude (Chevalley and Legrand, 2009, Virtua Moon Atlas). In the
image, lunar northis up and lunar east (celestial west)is to theright.
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These illuminated fraction range endpoints are more favorable for imaging, since the
backscatter and dare of the M oon's bright limb is | ess near candidate impact points. But,
thereis nothingin the LCRO SStarget age constraints tha prohibit conducting the impact
in the middle of the range of illuminated fractions instead of a the more favorable
endspoints. Comparing these constraints with libration nod cycles in Table 5, above,
indicates that there are no 3rd Quarter opportunities to image the Faustini southern area

from February through the end of July.

4.3 Expasure cdibration practi e

Observers can also profit from exposure caibration practice, considering the LCROSS

impact is aone-shot event with uncertain brightness.

One strategy for pre-event exposure cdibration consists of taking out-field images of

faint planetary objects tha have similar exposure times to the expected impact. Then

image the south and/or north polar areas in order to explore the characteristics of glare
and over-exposure on lunar features.

Table 8 lists the brightness of planets in terms of magnitudes per square arcsecs in a
range similar to the predicted brightness of the gecta curtain within 40 to 60 seconds
after impact:

Integrated
magnitude

-29t01.8

-16t02.9
6.7109.3

04t01.2

Table 8 - Integratedmagnitudes and MPSAS for seleded outer planets and minor planets.
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Another pre-event exposure practice would be to image the M oon, either out-field or

during occultation, as its passesthe Pleiades.

The Plelades contains a good spread of stars between magnitude O and 9. Imagers can
use those passages to make exposures of the Pleiades that capture various limiting
magnitudes of Pleadean stars and then image the lunar polar target areas a those

exposures.

Such practice might enable imagers to explore gare and over-exposure patterns in the
target areas at various exposure settings. Lunar grazes by bright gars is another in-field
imagng practice opportunity.

XKy & Teescope (1969) rgports an example of an in-fied lunar graze by the bright dar
Antares.

Grazes by fainter stars between magnitude O and 9 can be identified using software

(Occult 4.0) and city-graze lists of the Internationa Occultation Timing Association
(I0OTA, 2008; Herad, 2008).

Table 9 lists passages of the M oon near sdl ected bright planets, stars and the Pleiades
through July 31, 2009.
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Date TimeUT Object Position

2009/03/03 08:00 Moon 0.8de N of Pldades
2000/03/10 12:34 Ceres 21.2 deg N of Moon
2009/0311 02:36 Satum 6.22 deg N of Moon
2009/03/17 05:00 Antares 0.2 dgg SofMoon
2009/03/30 14:00 Moon 0.6 deg N of Plaades
2009/04/04 09:00 Moon 1.7 deg Sof M44
2009/04/06 12:36 Ceres 19.3 deg N of Moon
2009/04/07 07:19 Satum 6.1 deg N of Moon
2009/04/13 13:00 Antares 0.4 deg Sof Moon
2009/04/26 21:00 Moon 0.4 deg N of Pldades
2009/04/29 02:00 Moon 1.8 dgy N of M35
2009/0503 19:22 Ceres 17.2 deg N of Moon
2009/0504 11:22 Satum 6.15 NofMoon
2009/0510 21:00 Antares 0.5 deg Sof Moon
2000/0517 07:49 Jupiter 3 deg Sof Moon
2009/05/31 10:08 Ceres 15.8 deg N of Moon
2009/06/07 04:00 Antares 0.6 dgg SofMoon
2000/06/28 01:58 Satum 6.5 degN of Moon
2000/06/28 07:25 Ceres 14.8 deg N of Moon
2009/07/04 10:00 Antares 0.5 dgg SofMoon
2009/07/18 03:00 Moon 0.5deg N of Pldades

2009/07/26 09:16 Ceres 14.0 deg N of Moon

Table 9 - Imaging practice opportunities during lunar passages of major open dusters,
faint planets and bright star Antares — 1 Jan. 2009 to 31 July 2009 based on a W 111 N41
observing point for planets (RASC, 2009; USNO , 2009).
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Figure 22 — Magnitude pl ot of Pleiadean stars between magnitudes 0 and 9 (Mermilliod and
Paunzen, 2008). Chart courtesy of Wedba Cluster Database/ Institute of Astronomy of the
Univerdgty of Vienna.

M agnitudes of the Pleiadean stars can be plotted by most planetarium programs
commonly used by imagers. Figure 22, above, graphically shows the magnitude and

position of Pleiadean stars between magnitudes 0 and 9.

The Webda Open Cluster Databaseis an easily accessibl e internet database that provides

the magnitudes, position and membership of known star clugers (M ermilliod and
Paunzen, 2008).

4.4 Spedrosmopy

For amateurs wishing to attempt goectroscopy, two images would be required to detect
any increased signad from hydrogen or sodium above a solar spectrogram as discussed
further, below. Table6 lists favorable times a which abasd ine spectrogram can be taken

abovethelunar limb in target areas.

4.5 Phatometry

Photometry research involves using absolute and differentid photometry of the gare
features and dark areas in the floor of polar crater Faustini and surrounding other

northern target aress.
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4.6 Imagng satellite MStar 3 Centaur rodket booder, Int’l. 1d. 1999-023B

Imagng an outbound LCROSS-EDUS can be simulated by imagng satellite M Sar 3
Centaur rocket booster, Internationa 1d. 1999-023B, U.S. Space Command Id. 25725.
The MSa 3 booder is a Centaur-class upper gage similar in size to the LRCOSS
EDUS booster. It is in a near-Earth orbit with a perigee of 706km (1.5 mag a 100%
illumination), an agpogee of 5,148km (3.0 mag a 50% il lumination) and an orbita period
of 149 minutes. This Centaur booder is a current frequent target of satellite observers;
there are more than 150 observations listed in the Heaven's Above observer database, the
most recent haven been made on 22 Jan. 2009 (Heaven's Above, 2009).

Sadlite overflight opportunities are observing point specific. Thereader should consult
an online ephemeris such as Heaven's Above or Ca Sy for favorabl e overflights at their
location.

Table 10 lists favorable overflights above 40 degrees dtitude of the Milstar 3 Centaur
booster for observing points St Lake City, United Staes, Rome, Itdy, Hong Kong and
Dehi, Indiafrom February 1 through M arch 31, 2009.

This is an incomplete list of sdected opportunities; many other lower dtitude

opportunities exist a al observing points; and no observing opportunity in the table

coincides with adesired observation near apogee:
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Time Dist.km  Sunalt Moon alt
Date uT \% (obs-sat) deg deg

08-Mar-09 11:38 54 3252 -25 4
09-Mar-09 12:30 55 3283 -16 42
10-Mar-09 0320 53 3176 -25 21
11-Mar-09 0412 54 3246 -15 14
11-Mar09 11:34 51 2924 -25 19
12-Mar-09 12:26 52 2558 -15 22
13-Mar-09 03:16 50 2884 -25 28
14-Mar-09 04:.08 52 3040 -15 22
14-Mar-09 11:30 4.8 2666 -25 22
15-Mar-09 12:22 51 2867 -15 25
16-Mar-09 0312 48 2663 -24 24
17-Mar-09 04:04 51 2900 -15 22
17-Mar-09 11:26 46 2477 -25 22
18-Mar-09 12:18 49 2755 -15 20
20-Mar-09 0400 50 2831 -14 16
SLC 20-Mar-09 11:23 44 2358 -24 13

SLC 21-Mar09 12:15 48 2716 -15 10

Table 10 - Favorable owerflights of Milstar 3 Centaur (USSC 25725) for Salt Lake City,
Utah and Rome, Italy and above 40 degrees altitude for March 2009. Source: Calsky
(2009).
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Time Dist.km Obj. Sun alt
City Date uT \% (obs-sat) altdeg deg

Honolulu 18-Feb-09 1425 6.6 4587 29 -36
Hong K. 19-Feb-09 20111 65 4451 29 -38
N.Dehli 19-Feb-09 2243 69 515 23 -36
N.Dehli  20-Feb-09 2334 6.6 4560 38 -25
Hong K. 21-Feb-09 19115 6.4 4457 20 -50
SLC 24-Feb-09 1158 69 5248 28 -25
Rome 26-Feb-09 0339 6.8 5038 28 -25
SLC 26-Feb-09 11:01 6.8 5203 20 -35
Rome 28-Feb-09 02:43 6.6 4969 20 -34

Table 11 - Near apogee overflights of Milstar 3 Centaur (USSC 25725) for seleded
international locations for February 2009. Source: Calsky (2009).

Thereis adearth of photometry observations of Milstar 3 Centaur (USSC 25725) near its
gpogee at 5,148 km. This probably is becausethe orbita inclination of Milstar 3 Centaur
is 28 degrees and apogee occurs near the most southerly position of the orbit. Thus,
apogee is low on most northern hemisphere observer horizons. Table 11 is a list of
international imagng opportunities for the Milgar 3 Centaur near apogee during
February and M arch 2009 at low-dtitude passes regardless of lunar dtitude and phase.
Only viable February dates were found. Four cities are included in Table 11: Sdt Lake

City, Utah; Rome, Italy, New Dehli, India, Hong Kong, and Honolulu, Hawaii.

Two ather recently launched Centaur rocket boosters may be viable practice imagng
targets. Two Certaur boogers launched in 2007 and 2008 remain in orbit and that have
known orbita & ements (but no observations): USSPACECM D 32379 (launched 10 Dec.

2007 with an apogee of 16,069 km) and USSPACECM D 32764 (launched 14 Apr. 2008
with an apogee of 4935 km).

47 Lunar meteor impad imagng

As discussed below in Section 7.3, anaogous lunar meteor impacts flashes have
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integrated magnitudes between gpproximatey 3 and 8. It is unlikely that the EDUS
impact flash will observable from Earth, and if it is visible, that would only occur under
very favorable librations. Nonetheless, imaging such flashes may be of related observer
interest. ALPO (2005) lists only one favorable lunar meteor impact flash observing
opportunity beween February and July 2009 —the Capricorn gream peaking on July 30
when theM oon as at awaxing gbbous phase.

5 LCROSSMisson Desaiption
51 Purpose

The primary objective of the LCROSS mission is to confirm the presence of water in the
regolith in shaded polar craters by detectingthe presence of OH- vapor —aby-product of
dissociated water (H,O). Water may be dissociated into OH- and H+ by the force and
temperature of the initial impact. Water aso may be dissociated into OH- vgpor by the

action of sunlight on water vapor in therising gectacloud (Crovisi er, 1989).

5.2 Spacecr aft

The LCROSS satdlite is a rdaively smal collar that connects the LRO to an upper

trans-lunar injection stage of an Atlas V rocket built around a hydrazine tank that weighs

about 700 kg and is gpproximately 2 meters in diameter and 2 meters high (Bussey,
20084a) at Side 2 (wei cht)).

Figure 23 — LCROSS satellite schematic(Ennico, 2008 at Side 3). Drawing courtesy of
NASA Ames Res.Center and Northrop Grumman.
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Figure 24 — LCROSS satellite in vacuum chamber testing (Bart, 2008 at Slide 11). Photo
courtesy of Northrop Grumman Corp.

The mission design is in the spirit of the better-faster-cheaper NASA philosophy of the
Lunar Prospedor era. It usesthe et trans lunar insertion booger of the existing LRO

mission as an impact probe. The upper stage, caled the Earth Departure Upper Stage

(EDUYS), is 12 meters by 2.5 meters in diameter, is powered by a Centaur booster and
weighs about 2,000 kg empty of fud (Figure 25 and Figure 26). A 12 meter object & a

mean lunar distance of 384,400 kilometers only will subtend 0.006 arcsecs.

Figure 25 - EDUS Centaur 3 booster (Ennico, 2008 at Slide 28. Photo courtesy of NASA
Ames Res. Center and Northrop Grumman.
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Figure 26 - LCROSS-EDUS coupled — schematic (Ennico, 2008 at Slide 22). Drawing
courtesy of NASA Ames Res. Center and Northrop Grumman.

In comparison to analogous Apollo era equipment, a Saturn IVB trans lunar injection
booster was 17.8 m long, 6.6 m in diameter and had a mass of about 14,000 kg. The
Apollo Command M odule-Capsule combination was 11 m long, 3.9 m in diameter and
had amass of about 30,300 kg.

The LCROSS shepherding satdlite consists of two man components.  First,

maneuvering injectors to alow precise targeting of the spent EDUS booger and find
precision targeting for impact imaging (Figure 23, above). Second, the observation
payload which consists of a bank of visuad and infrared cameras will observe the EDUS
impact flash and gectaplume (Figure 27 and Figure 28).
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Figure 27 — LCROSSO bservation Payload Schematic (Bussey, 2008a at Slide 18). Drawing
courtesy of NASA Ames Res. Center and Northrop Grumman.
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Figure 28— LCROSSO bservation Payload — Imaging Sensors (Col aprete, 2008 at Slide 14).
Drawing oourtesy of NASA Ames Res.Center and Northrop Grumman.
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53 Misson schedule

About nine hours after liftoff, the LRO will disconnect from the LCROSSEDUS
combination. The LRO will continue on directly to lunar orbit and begn collecting
imagery and remote sensing data to identify the bex LCROSS-EDUS impact site (Bart
and Colaprete, M arch 2009).

The EDUS will be maneuver for a gravity assist lunar orbit and most of its remaining
fud will be vented, in part, to reduce contamination of the eventua impact readings
(Ennico, 2008 a Sides 20-21). After 5 days, the LCROSS-EDUS will swing by the
M oon and, using a gravity assig, will settle into alunar orbita inclination of about 76
degrees with a nomind lunar orbit diameter of 500,000 - 700,000 km — an orbit large
enough to encompass both the Earth and M oon (Figure 29; Ennico, 2008 a Sides 20-
21; Gad, 2008 at Side 11).

Figure 29 — LCROSS-EDUS cruise orbit with lunar gravity assst turn to high
inclination (Bussey 2008a, Slide 8). Earth is at center. Drawing courtesy of NASA

Ames Res. Center and Northrop Grumman.

The LCROSS EDU will remain in acruise orbit for another 3to 4.5 months (nomina 85
days) and make 2 to 3 perigee passes within 4,000 km of the M oon (Gdal, 2008 at Slide
11).

7 hours before impact on about the 86" mission day, the LCROSS shepherding satellite
will makeafina targetingadjustment for the EDUS will separate from EDUS, and then
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make a decderation burn such tha shepherding satdlite will trail the spent EDUS by
about 10 minutes but in the same impact-bound orbit path (Figure 30; Ennico, 2008 at
Sides 20-21).

Figure 30 — LCROSS Shepherding satellite trailing EDUS (Cd aprete, 2008, Slide
11). Drawing courtesy of NASA Ames Res. Center and Northrop Grumman.

The LCROSS shepherding satdlite can target the EDU Sto an accuracy of 3 km (Bussey
2008a a Side 9). The EDUS descends first (Figure 31) and impacts (Figure 32) at a
velocity of 2.5 km sec! (Bussey, 2008aa Side 2).

Figure 31 — EDUS descending to impact (Bussey, 2008a, Slide 2). Drawing courtesy
of NASA AmesRes. Center and Northrop Grumman.
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Figure 32 —EDUS Impact — Artist Impression (NASA, 2008c). Drawing courtesy of
NASA Ames Res. Center and Northrop Grumman.

Figure 33 — EDUS Impact — Impact flash from NASA Ames high velodty gun
experiment. Clip from LCROSS First-Step video (NASA, 2008f). Image courtesy

of NASA Ames Res. Center and Northrop Grumman.

Korycansky et a. (2008) modeed the maximum temperatures at thepoint of impact have
been modeled at about 1230K. Shuvaov and Trubetskaya (2008) modded that the heat
of impact should met between 10 to 50% of water frozen in theregolith a temperatures
between -35C deg and -200C degs. But Schultz (2007) notes that the waste heat of

impact is insufficient to release significant water vapor.

Duringthefirst sixty seconds, an gecta cloud will rise from the lunar surface (Figure 34

and Figure 35).
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I=ced el pede iz

Figure 34 — EDUS simul ated impact, satellite or top view of ejecta cloud (Col aprete,
2008 at Slide 18 (from Peter Schultz, Brown Univ.) Drawing courtesy of NASA

Ames Res. Center and Northrop Grumman.

Figure 35 — EDUS simulated impact, side view of ejecta cloud (Colaprete, 2008 at
Slide 33) from NASA Ames Vertica Gun Range). Drawing courtesy of NASA Ames

Res. Center and Northrop Grumman.
The impact will create a crater gpproximately 20 meters in diameter and about 3 meters
deep (Bussey, 2008aat Side 2; Colaprete, 2008 at Side 9; Heldmann, 2007 a Slide 22).

The impact will excavate approximately 200,000 to 250,000 kg of lunar regolith, but
most of this mass will be deposited within 3 crater radii of the impact crater (Bussey,
2008 a Side 2; Colaprete, 2008 at Side 3; Schultz, 2007). The LCROSS shepherding
satellite follows transmitting infrared images and spectrometry daa back to Earth.
Figure 36. During its key 60 seconds of observing, the LCROSS shepherding satellite

will attempt to detect the OH- signature caused by temperatures from theinitiad impact in
the near-infrared a 1400 and 1900 nm (Heldman, 2006a a Slides 23-24; Heldmann,
2006b at Side 23-26. Spacecraft target frequencies for water content arein near-infrared
aress not observable from Earth a 1400 and 1900 nm. Id.
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Figure 36 — LCROSS observing the ejecta cloud (Colaprete, 2006 at Slide 8).
Drawing courtesy of NASA Ames Res. Center and Northrop Grumman.

The gecta curtain will rise above the crater rim — perhaps one or two kilometers above
theimpact site— and intothe sunlight and direct Earth-view.

Figure 37 —ED US impact, schematic of ejecta cloud risng into sunlight (Colaprete,
2008 at Slide 7). Drawing courtesy of NASA Ames Res. Center and Northrop

Grumman.

Figure 38 — Simulated EDUS impact, ejecta curtain risng from shadowed area
during NASA Ames high velocity gun experiment. Clip from LCROSS First-Step
video (NASA, 2008). Image courtesy of NASA Ames Res. Center and Northrop

Grumman.

Ice, water and vaporized water that rises into sunlight will be heated and dissociated by
sunlight, not theimpact energy (Schultz, 2007). Figure 35 and Figure 38illustrate akey
feature of the gectacloud that will be the focus of professiond astronomers who will use

spectroscopy to detect vaporized waer in the cloud. On the left and right sides of the
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“lampshade’ cloud illustrated in Figure 35 and Figure 38, there are bright edges that are

theresult of zones of concentrated reflection. These zones are sub-arcsec f eatures of the
gecta cloud in which mgor Earth ground-based observatories like Keck and NASA’s

IRTF hapeto detect vaporized water using multi-meter apertures.

Bart and Colgprete (M arch 2009) report that the LCROSS Team is evaluatingfind tar get
candidates based on a detailed shadow analysis of a crater a the time of impact and
Earth-M oon geometry. The god of that andysis is to assure tha the gecta curtain will
riseinto sunlight and reflect light, as shown in Figure 37.

For Earth-based amateurs using 10” to 12" gpertures, dl of Figure 38, if the actud gecta
cloud conforms to the LCROSS Team's predicted 5" x 2.5” dimensions, will probably
be captured as a smal set of pixd squares. At smdler gpertures, the ddails in Figure 38
that professionas hope to capture in multi-meter telescopes, will not be captured on

amateur CCD images.

A smdler fraction regolith may rise to 30 km, under ided conditions (Bussey, 2008a &
Side 13; Schultz, 2007). Of the 200,000 to 250,000 kg of gecta 100,000 kg may reach
2 km abovethe surface; 10,000 may reach 5km; and 1,000 kgmay reach 25km abovethe
surface (Bussey, 2008aa Side 12).

The observation payload on the LCROSS shepherding satelite will collect key
spectrometry dataduringthis key first 60 seconds after impact. Then, Apollo era-Ranger
style, the shegpherding satelite will fly through the gecta cloud and crash within 100
meters of the EDUS impact site (Bussey, 2008a at Side 9; Figure 46, beow re
analogous Ranger 7 impact crater).

As nated above, NASA (2008f) is a four minute NASA-LCROSS Team video that
includes an animation of an ejectaplume, somewhat |ar ger than the high-bound estimate
discussed here, can be seen viathe internet. Helpful impact visudizations of thetgp and
side views of theimpact process can befound in NASA Ames Vertica Gun Range high-
speed phatography made for the Deep Impact mission by Univ. of Mayland and NASA
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(20083 and Univ. of Mayland and NASA (2008b). The animation in NASA (2008f)
aso includes an image of a high-velocity gun experiment showing a bottom shaded
gectacloud.

As a back-up to any observation payload falure and to collect corroborating
measurements, ground-based telescopes in Hawaii, Chile and the United Sates will dso
image the impact including the NASA InfraRed Teescope Facility (IRTF), a 3 meter
telescope optimized for infrared on Mauna Kea, Hawaii, Keck, and major Chilean
observatories. On Feb. 2, 2009, NASA (2009d) announced its seection of four
investigators using six observatories to assist the team in ground-based observations of
the impact. Space-based telescopes will dso follow the impact including Hubble, LRO,
Chandrayaan-1, and Kaguya (Colaprete, 2008 a Side 26; Heldmann, 2006a at Side 7;
Heldmann, 2006b a Side 37). The time of impact will be set so that the M oon will be
well-positioned over mgor Earth ground-based observatories in Hawaii and/or Chile
(Gad, 2008 at Slide 6; see NASA, 2008¢€).

If water (H,0) is present a theimpact siteand in that portion of the regolith g ected high

above the lunar amosphere, either the high temperature of the initiad impact or the

subsequent Sun’s rays may dissociate vaporized water into OH- molecules (Heldmann,
2007 a Side 8; Heldmann, 2006aat Slide21; Schultz, 2007).

For 24 hours ater the EDUS impact, the space-based and Earth-based observatories
mentioned above will seek to monitor the formation of the OH- vapor cloud caused by
solar disassociation a 308 nm and 3000nm (Heldmann, 2006aat Side 20).

5.4 Misson observation wawdengths

Other than making a visud light curve a about 500nm, the wavedengths tha the
LCROSS Team is focused on detecting to achieve experiment objectives are beyond the
spectra reponse curve of amateur CCD equipment.

Typicd amateur CCDs and spectrographs have a spectra response curve between 350nm
and 1100nm (Tonkins, 2002). Specidty CCD chips that are more sensitive in the near-
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ultrarviolet (NUV) exist. The gectrd regponse curve of commercia spectrographs
commonly owned by amateurs, such as an BIG DSS-7 spectrograph, is between 400 nm
and 750 nm (Santa Barbara Instr. Group, 2009). Cousins-Bessd U through | filters span
340 nm to 1100 nm (Optec, 2008). Even where a sufficiently sensitive instrument is
used, the exposure would still have to be made a high-atitudes in order to not have the
Earth’s atmosphere block akey wavelength a 308nm.

LCROSS Team member Heldmann has summarized the LCROSS target observation
wavelengths (Heldman, 2006a & Sides 19-27; Heldmann, 2006b a Sides 23-26;
Heldmann, 2007 a Sides 11-16). Those wavelengths, and whether they are observable

with amateur equipment, include the following:

Visud brightening a 500nm: The dust gecta plume size and growth will be monitored

in the visud range by the shepherding spacecraft and ground based telescopes to
corroborate the modd of the gecta cloud and cdibrate other measurements (Heldmann,
2007 at Side9). It isthisvisud ejecta cloud that is expected to grow to 10 km by 5 km.
Table 1, above.

OH vapor cloud a 308nm and 3000nm: Ground based telescopes and shepherding
satdlite will look for OH traces in the initid impact near 308nm. Ground based
telescopes will look for OH bands a 3000nm (Heldmann, 2007 at Sides 11 and 16).
Amateur class spectrometerstypicdly cannot reach either waveength.

One counterintuitive characteristic of the OH vapor cloud isits size. The OH vapor cloud
could gow to 100km in the firg hour (Hedmann, 2007 & Side 8). The OH vapor is
created from sunlight disassociation of H,O vapor. Thevapor cloud will be much larger
than visud range dust gecta cloud because the mass of water molecules is lower than
100 micron dust particles. The water molecules quickly reach a much greater dtitude

than the dug.

Summy et a. (2009) modeled the radiant emittance of the expected OH cloud between

gpproximately 100 and 1000 Rayleighs a 50 seconds after impact depending on the
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dtitude above the surface.

Eventudly, the OH vagpor cloud expands and becomes alunar OH exosphere.

Planningfor the 1999 Lunar Prospector mission provides an instructive comparison. For
the Lunar Progpector impact, Goldsten et d. (1999) expected the impact OH exo-lunar
atmosphere eventudly to expand to athin 1000 km radius. This 1000 km OH exosphere
would form from just 18kg water ice. Barker et a. (1999) and Goldstein et d. (2001)
reportedthat the 1999 Progpector a@tempt was unsuccessful probably duetothe difficulty
of detectingthefant signa from such asmall amount of the materia.

Organic molecules a 380nm: The shepherding satdlite will look for organic mol ecul es
like CN at 380nm (Heldmann, 2007 at Side 16).

lonized water H,O + a 619nm: The shepherding satéllite will look for ionized water at
619nm (Heldmann, 2007 at Side 16). Summy et a. (2009) modeled the density of the
expected H,O between 25 to 100 seconds after impact.

In contrast to the 18kg of water mass expected by the 1999 Lunar Prospector team, the
LCROSS Team planning assumption for OH production is that awater content of 1% of
200,000 kg of gected regolith adso will raise about 100kg water vgpor and 1000kg of
water ice over 35km above the lunar surface (Heldmann, 2007 at Slide 23).

OH cloud a overtone waveendgths between 1400nm and 1900nm: The shepherding

satelite will look for overtone wavel engths for water ice: “ Broad minimaat 1.5 and 2.0
microns [ar€] indicative of water ice” “A sharper minimum at 1.65 microns shows that
theiceis crystalinein structure, rather than amorphous” (Heldmann, 2007 at Side 13).

In conclusion, most of the wavdengths of interest to the LCROSS Team are either

bey ond the range of amateur spectroscopy equipment or CCD camera spectra response.

The main exception is the visua component of the dust gecta plume with a maximum

emittance around 500 nm.
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5.5 Other wavelengths of interes to amateurs

Other wavdengths that are not part of official LCROSS observing frequencies may be of
interest to amateurs.

Sodium (Na) vapor a 589nm: Neutra sodium vapor strondy emits & 589nm and may

be of interest to amateurs. Snce elementa sodium emits a the same wave length as light
polluting sodium street lamps, the gpportunity to observe any enhanced sodium lines
with amateur gpectroscopy equipment or filters from an suburban location probably is
smal for most amateurs.

LCROSS Team publications do not discuss experiments to observe enhanced sodium

linesin the g ectacurtain.

There is an extensive history of sodium vapor detection inthe lunar exosphere and with

respect to the Lunar Progpector mission.

Returned Apollo 14 lunar soils averaged 0.42% elementad sodium, principaly in the
mineral N&O. N&O averaged 0.57% by weight (Apollo 14 Preiminary Science Report
a Table 5-1VI, p. 120; NASA, 1971). Apollo 16 highland rock samples dso average
about 0.5% Nay,O by weight (Apollo 16 Prdiminary Science Report at Table 7-111, p. 7-5;
NASA, 1972b).

Sncethe LCROSSimpact is expected to excavate 200,000 kg of soil, that volume of soil
could contain 1,000 kg of N&O that includes 800k g of & ementa sodium.

The M oon has athin exospherethat consigsin part of vgorized dementa sodium. The
source of the sodium gas is the lunar regolith. The gasis liberated by meteor impacts and
solar radiation (Lucey et d., 2006 at 199-201).

In 21998 serendipitous discovery, Smith et d. (1999) and Wilson et d. (1999) observed
neutra sodium gas a the antisolar point. The source of the sodium vapor was the
vaporization of lunar soils duringthe November 1998 Leonid meteor shower. The excess

vapor collected at the M oon's antisolar point was observed by asimple amateur class al-
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sky camera aM inolta 16mm f/2.8 | ens, asodium narrowband filter, and aCCD camera

Smith and Wilson were usingthe all-sky camerato conduct long-term monitoring of how
gavity waves effect sodium in the Earth's upper amosphere. The sodium vapor cloud
concentration from the M oon was an accidenta capture on their nightly al-sky runs.
Both Smith et d. (1999) and Sky & Tedescope (1999) include black & white images
captured by their CCD camera showing the sodium cloud.

In 1999, the Lunar Progpector Team planned to, but failed to, detect a neutra sodium
vapor exosphere (Goldstein et d., 2001).

Also of notewasthe 1959 use of severa pounds of sodium vapor artificidly dispersed by
Soviet scientists to mark the position of Luna 2 during trans lunar orbit, as discussed in
Section 8.2, below. At 113,000 km, the dispersed sodium vapor cloud reflected sunlight

a maximum of 4 or 5 magnitudes.

Avalable LCROSS Team documents do not andyze whether the impact or solar
radiation on the gecta curtain will produce enough sodium vapor to emit a deectable
signal. But this may be another area that expert-level amateurs in spectroscopy may warnt
to consider further. Edmund Scientific sells a 589nm narrowband filter, Part No. NT 62-
164.

lonized hydroogen (H) vapor cloud: If the OH cloud cannot be observed, what about a

hydrogen vapor cloud a H-aphaand H-betawavdengths?

Twenty-five minutes after impact, the LCROSS Team estimates an OH molecule

production rate of 82,000 sec and asolar flux a 308 nm of 1E20 photons m? sect mmt
str! (Colaprete, 2008) at Side 8). As nated above, the predicted OH molecular cloud
may reach 100km (Heldmann, 2007 at Slide 8).

While the cycle of creation and destruction of OH from solar disassociation is known,
what is the fate of the excess H+ ion? See Crovisier (1989) with respect to the phato

dissociation of water in comet hados. Crovisier notes tha onphoto-dissociation, some of
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the energy of dissociation is converted into motion. The OH molecular has a velocity

averaging 1.3 km sec’. Dueto its lower mass, the H+ ion has a higher velocity of 20 km

sec'l. This occurs in the low-gravity field of interplanetary space.

The differentia velocity phato-dissociated molecules might be the cause of the colored
lay ers observed in the outer halo and extended outer halo of Comet 17P Holmes seen by
this author and other amateurs in late Nov. and Dec. 2007. Comet Holmes had a green

Olll emitting outer halo surrounded by an even larger red extended outer hao.

Soeculatively, after the EDUS impact, it is possible that asthe OH cloud forms aH ion
cloud may form further from the lunar surface.

This gpeculation should be tempered with Goldstein, Austin and Barker et d. (2001)'s
conclusion that the dark limb of the M oon acts as a cold sink quickly traps most of the

measurabl e volatil es from an impact.

Available LCROSS Team publications do not analyzethefate of theH ion by product of
H,O phao-dissociation, thus the possible occurrence of an H ion cloud remains

speculative.

5.6 Public education and amateur asronomy partidpation

NASA’s Sockman and Day (2008) ae planning an LRO and LCROSS public
participaion website based on the socid networking mode used in the Degp Impact and
M ars Rover missions (Day, 2008) and public school children education activities typica
of NASA missions. The currently operating LCROSS Twitter site (NASA, 2009e) and
NASA LCROSS Quest Chalenge education activities are illustrative of those models.

The nature of amateur observing participation in public outreach program has not been
finaized.

Public outreach during the 2005 Deep Impact mission included awebsite for the generd
public to pog observations (M cRobert, 2005; Univ. of Mayland and NASA, 2009), a

smal telescope sciences progam (“STSP’) with observing campaigns (Univ. of
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Mayland, 2007a; Univ. of M aryland 2007b), and an inbound ST SP amateur image site
(Univ. of M aryland 2007c). Registration was required to paticipatein the ST SP.

M ention has been made of preiminary plans to include undefined amateur astronomer
observation participaion begnning with mission launch (Day, 2008). The LCROSS
Team dso has considered apublic observing campaign proposd built around replicating
the imagng of the EDUS Centaur booster during its gravity assist cruise orbit. The
proposa was based on the accidental reacquisition and imaging of a Saturn V booster in
Earth-Lunar orbit in 2002 (Britt, 2002&; Britt, 2002b).

The many saéllites sent to the M oon between Lunar Orbiter in the 1960s to the current

Kayuga flight have produced vast cataogues of images showing the M oon’s surface
illuminated from ahigh or low lunar orbita viewpoint.

Kuiper et d.’s 1967 Consolidated Lunar Atlas (“CLA”) still represents one of the best
professional catalogues of lunar images taken by Earth-based telescopes.

Representative plates of the polar regons taken a favorable librations include A10
(north, +3.4 latitude libration), HIl (south, -3.0 latitude libration), and H7 (south, -4.8

latitude libration). Figure 39 is a representative example of a CLA polar image that

shows Peary (red circle) and Byrd (yellow circle):

page 68



» lcross SELENOLOGY TODAY # 13

Figure 39 —North lunar pole - excerpt from Consolidated Lunar Atlas Plate A10 at
+3.4 latitude libration (Kuiper et d., 1967). Image courtesy of Lunar and
Planetary Institute. In the image, lunar north isup andlunar east (celestial west) is
totherignt.

M odern amateur imaging equipment can produce images that exceed the resolution of

professional images in the CLA.

A Nov. 26, 2008 NASA LCROSS Team press release (NASA, 2008d) solicited amateur

imagng, in part, for subsequent use by professiona astronomers to “refine new pratocols

for observing the moon . . .” Creation of an atlas of the lunar poles a varying librations

and illuminations was suggested:

The Lunar Crater Observation and Sensing Satellite (LCROSS) Observation
Campaign is seeking assistance from amateurs to develop a library of digta
images of the lunar poles under varying phase and librations

astronomers have the opportunity to create a useful referenceimagng data set for
the LCROSS impact. They can be hepful in the devdopment of an amateur
astronomer atlas of the lunar poles at different lighting and libration conditions.
Images taken under diff erent phases produce subtle shifts in crater shadows tha
affect determination of "crater centers’ in images. This can afect the
determinations in the offsets between these reference craters and a target crater.
Furthermore, images taken during phases on the opposite side of full moon may

reved subtle features that are useful in refining the pointing accuracy .

In a January 2009 email to amateur Jim M osher, principa co-investigator Heldmann
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clarified the purpase of the requested activity (Heldmann, 2009):

Due to the libration of the Moon, the appearance of surface features (particularly
near the limb, where LCROSSwill be impacting) can visualy look different from
Earth at different times of year. Professiona astronomers have already been
testingout ther pointing of large telescopes and this is provingto be a non-trivid
task. Therefore additiona information regardingthese lunar areas is desirabl e.

To point large telescopes to 0.5 arcsec a process has been developed by D.
Wooden to use "guide craters’, as goposed to guide stars. This goproach makes
use of reatively small craters near thetarget site. The appearance of these craters
changes with illumination and view angle (phase and libration), so having
reference images [from amateurs and professionals| for various phases and
librations helps identify and preplan these "guide craters" and gves the telescope

operator avisua queuekey.

The amateur images will gve different types of information than the DEMS,
particularly interms of albedo variations (key for "crater-hopping’ and pointing)
and variaions in the gppearance of lunar landscapes & craters from Earth
(particularly near thelimb).

We have used the Goldstone DEM s as wdl as Kaguya DEM s for generating
illumination maps, but the products are not very satisfactory (certainly not as

satisfying as some ground based images we have seen).

Amateur astronomers are encouraged to image the north and south poles of the
moon.

The god is to obtain images that determine the scale of recognizable features
observed in the wider field of view on amateur telescopes when compared the

higher spatid resolution of professiona telescope images.

NASA (2008K) includes an animation of a NASA south polar DBEM used to simulate
illumination.

In the fal of 2008, a NASA LCROSS sponsored a temporay LCROSS Amateur

Observing Campaign regarding amateur imaging of the southern and northern target

aress in December 2008 and January 2009, simultaneous with imagng by the NASA
ITRF onMauna Kea, Hawaii (NASA, 2008d; NASA, 2008¢). Tha temporary campaign

used the free Goode Group service as an image depository and community self-
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coordination point. NASA LCROSS Observation Campaign Good e Group, above.

By January 2009, the LCROSS Observation Goog e Group became one internet foca
point for amateurs to contribute images of the lunar poles a various librations and
illuminations. The Geologc Lunar Research Group (GLRG) similarly is collecting a set

of polar images.

A find premission of the NASA LCROSS public paticipation website will be
forthcoming, model ed on aNASA Deep Impact template.

6 Amateur imagng oppartunities before impact
6.1 Hydrogen and oxygen fud dumps within the first 10 hours

LCROSS team public education member Brian Day mentioned that the team was
considering unspecified amateur participation shortly after mission liftoff (Day, 2008).

About 9 hours after liftoff, the LRO will disconnect from the LCROSSEDUS
combination. The EDUS will be targeted for a gravity assisted lunar orbit and its
remaining fuel will be vented to reduce contamination of the eventua impact readings
(Ennico, 2008 a Slides 20-21).

Based on historicd experience but depending on the timing of the event, the fud dump

event can beimaged by amateurs of al aperture classes.

A Sy & Teescope back issue from the Apollo era reveaded an interesting amateur
observed event (Sky & Teescope, 1971). On Jan. 31, 1971, the Apollo 14 Saturn-IVB
third stage dumped its excess hydrogen load. Three hours later, the S1VB dumped its
excess liquid oxygen. The possible fue dump was pre-announced by NASA and many
amateurs attempted to observe and image the event. John Bortle and other amateurs
observed the hydrogen dump as a 1 degree diameter, 1st magnitude object. Many
amateur observers reported to Ky & Tdescope that the H cloud was between 1 and 2
degrees in diameter and O to 1 magnitudes. The volume of hydrogen dumped is not
described in the article but the distance to the event is stated a 18,000 miles or about
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29,000 km. The Apollo 14 launch and first 10 hours of flight occurred at 21:03 GM T on
Jan. 31, as night began to fall across the eastern United Saes (NASA, 1972; Apollo 14
Mission Report a Table 6-1).

On Dec. 10, 2007, a defense Atlas V Centaur rocket booster (USSC 32379, Int’l
Designator 2007-060-B for satellite USA 198) made afuel dump that was widely imaged
and observed as a bright naked-eye object (Fetter, 2007 (video); Spacewesather.com,
2007). USSC 32379 s still in orbit and observable.

Figure 40 — USSC 32379 Atlas 5 Centaur booster fud dump on 10 Dec. 2007
(Spaceweather.com, 2007). Photo courtesy of ChrisSaierer.

Later on February 21, 2008, failed defense satellite USA 193 was destroyed in orbit in a

missile def ense test.

Debris and residud hydrazine fud (maximum of 400 liters) produced a molecular cloud
in low-Earth orbit that may have been imaged by Hawaiian amateur Rob Ratkowski

usingaD SLR camera
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Figure 41 — USA193 satellite debris and hydrazine fidd imaged from Mauna Kea,
Hawaii, 28 Feb. 2008. Photo courtesy of R. Ratkowski.

The visibility of the LCROSSEDUS-LRO trans lunar injection and fue dump will
depend on the time of launch and the observer’s location. For example, the last slipped
scheduled launch for the LRO-LCROSS (NASA, 2009¢) reported that LRO-LCROSS
was set for April 25, 2009 OOUT (April 24, 2009 a 8:00pm EDT). A noon Eastern
Daylight Time launch might favor observations by Asian or European observers. A dusk
launch might favor United States observers. Fina launch and orbita parameters have not

been announced by the LCROSS T eam as of this writing.

Lessons learned from prior experience during the 1971 Apollo mission and from the
2005 Deep Impact arethe need for contemporaneous dispersed short-wave or cdl phone
updates of the timing of a launch or impact. Contemporaneous impact progress reports
will help imagers to precisely timethe taking of i mages.

While observingthe Apollo 14 mission from a dark-sky site, John Bortle reportedto Sy
& Tedescopethat he observed for severa hours waiting for launch. He was unaware that
mission launch had been delayed for severa hours. While unsuccessfully observing the
2005 Deep Inpact and 2006 SM ART-1 impact & a loca astronomy club, this author
noted tha wheher either impact could be deteded was uncertain because the exact
timing of the actual impact could not be determined. Some club members offered to
remain a home and watch NASA-TV online and then make a cell phone cal when the
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impact occurred.

While cell phone service reaches most of the continenta United States and Europe, there
aresignificant dark sky regions in the western continenta United States that do not have
celular service. Conversdy, locd amateur ham radio operators can broadcast into such

regions.

The above implies that observers of the LCROSS impact could benefit from more
organized cell phonetrees and/or a cooperative effort with therr loca ham radio operator
clubs. Locad ham radio operator clubs could monitor the inpact progress on NASA
channels and broadcast updatesto dispersed amateurs a dark sky sites.

6.2 Trans lunar orhit imagng within firge 30 hours

Another event tha could be observed within a short time frame after liftoff is the
Centaur-LRCOSS combination, while the spacecraft is within 125,000 kilometers of
Earth. Based on historical experience and first-order differentiad magnitude modeling,
such an event can be imaged by amateurs using ordinary 10 to 12 inch gpertures.

Figure 42 — LCROSS and EDUS spacecraft (Colaprete, 2008 at Slide 3). Drawing
courtesy of NASA Ames Res. Center and Northrop Grumman.

M odern amateur imaging of a Centaur booster to adistance of 10,000 km at magnitude 6
have been reported on the SeeSat observing list. Hatton (undated). In October 1997,
amateur Gorden Garradd imaged the Centaur booster of the outbound Cassini probe at

26,000 km using a 25cm f/4.1 Newtonian a 17 seconds exposure and hypered Kodak
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Gold I11 400 1 SO (Hunt, 2008). At 26,000km, geosy nchronous satdlites are an ordinary

amateur astrophotography chalenge using 106mm of gperture, eg. - Misty Mtn. Obs.
(2006).

On January 14, 2009, Patrick Wigdns imaged the gavity-assig flyby of the Stardust
Next bus spacecraft, al.7 meter longobject, a 35,000 km and 16.5 magnitudes usinga
Cdestron 14" SCT and a ST-10XM E camera a an effective focd length of 3900 mm
with 10 sec. exposures taken a 1 minute intervas (NASA, 2009a; Spaceweather.com,
2009; Wigdgns, 2009). The 16.5 magnitude estimate from differentia photometry of
Wiggns' images is by this author.

Figure 43 — Stardust Next Bus Earth flyby imaged by P. Wiggins 14 Jan. 2009
05:14UT. FOV ~ 11'x17'; composite of images at approx. 1 minute intervals.
Processing by H. Jackman. Photo courtesy NASA Solar System Ambassador to
Utah Patrick Wiggins.

On January 29, 2009, amateur Roberts (2009) reported on the SeeSat satdlite observing
list, his animation of images tracking of the Astra constellation of geosynchronous
satdlites using a 6 inch reflector and M eade DS Pro Il camera. The Adra congélation
is a goup of 6 geosynchronous satdlites that provide telecommunications services to
Europe. A satdlite in geosynchronous orbit is 35,786 km in dtitude above mean sea
level. The Astra 5 satellite, with solar collectors deployed, has a cross-section of 27.3m
by 2.8m (SESAstra 2009). A 12 mby 2.5m Centaur booger is smaller.

Differential magnitude modeling of Centaur booster visibility suggests that imagng of
that class of booster using apertures of 10 to 12 inches can reach 100,000 km to 125,000
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km from Earth.

A search of Centaur boosters satellite records in Ca Sky.com returned 25 historical and
current boosters similar to the LCROSS-EDUS Centaur.  Of those 25, two are complete
records in that the CaSky and corregponding Heaven's Above.com data records include
(@ the size of the booger; (b) orbita dements including apogee and perigee; (c) an
aoparent magnitude estimate a perigee and 100% illumination; (d) an apparent
magnitude estimate a apogee and 50% illumination; and (€) arecord of actua amateur
observations of the object. Two of 25 possible Centaur tar gets meet those criteria The
characteristics of thosetwotargets arelisted in Table 12 through Table 14:

No.
Heaven’s
USSPACE- Above ob-
Object CMD Id Int’l 1D Status serv.

MSa 3Cent 25725 1999-023B Current >150
Rocket

USA 136 Cent 25035 1997-068B Decayed? 16
Rocket

Table 12 - Characteristics of two Centaur boosters with observed magnitude
distance data. Source: CaSky (2009).
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Dia. Dia. Inclination
Object major m minor m Perigee km Apogee km deg

M Sar 3 Cent 10 25 706.8 5148.8 28.3
Rocket

USA 136 Cent ) ) ) 63.5
Rocket

Table 13 - More characteristics of two Centaur boosterswith observed magnitude
distance data. Source: CaSky (2009).

Magnitudeat = Magnitude at
perigee 100%  1000km 50 %
Object illumination illumination Period minutes

M Sar 3 Cent 15 3.0 706.8
Rocket

USA 136 Cent -25 35 87.7
Rocket

Table 14 - Further characteristics of two Centaur boosters with observed
magnitude distance data. Source: CalSky (2009).

(CdXy and Heaven's Above list different magnitude estimates a perigee-100%
illumination and at 1000 kilometers-50% illumination.)

Using the two magnitude estimates at perigee (100% illuminated) and a 1,000km (50%

illuminated), the distance modulus formula (Equation 1 and Equation 2), and the
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Seavenson-Sigdwick light-grasp equation for simple telescopic limiting magnitude
(Equation 3 and Equation 4), amodd of the Centaur booster distance from the observer,
magnitude and minimum apertures needed to view that magnitude was constructed.

m, - my = 5* logl0(d,/d;)

Equation 1 - Distanee modulus formula
m, = 5* loglO(d,/d;) + my

Equation 2 - Distance modulus formulasolved for m,
m,=1.8 + 5*1oglO(D_mm)

wherem, is Telescopic Limiting M agnitude.

Equation 3 - Steavenson-Sigdwick 9 mple tel escopic limiting magnitude (TLM)

D mm = 10(m218)/9

wherem, is Telescopic Limiting M agnitude.

Equation 4 - Steavenson-Sigdwick TLM solved for minimum aperture to observe a
magnitude.

Figure 2, above, shows the results of the mode and the estimated magnitude of the
Centaur booster at various distances from the observer in kilometers. Figure 44 chains
the magnitude estimates of Figure 2. Equation 2 is the input for Equation 4 and yidlds a
rough first-order estimate of the minimum agperture needed to view and image the

Centaur a agven observer satdlite distance:
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o M Star 3 Cent Rocket 100%
o MStar 3 Cent Rocket 50%
= LJSA 136 Cent Rocket 100%
<+ |JSA 136 Cent Rocket 50%

o
o
@

gad®

50000 100000 150000 200000 250000 300000 350000 400000

|_'|_
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3
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0

Figure 44 — Estimate of minimum aperture needed to view the LCROSS-EDUS at
various observer-satellite distances. yin aperture inches; x in kilometers.
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Distance km Min D_mm Min D_in

1000 1.7 0.06
5000 . 8 0.3
5148.8 8 0.3
10000 17 0.6
20000 . 34 13
30000 52 2
40000 69 2.7
50000 86 34
75000 5.1
100000 6.8
125000 8.5
150000 10.2
200000 347 13.6
250000 434 171
300000 521 20.5
350000 608 239
384400 668 26.2
400000 16 695 27.3
450000 16.2 782 30.7
500000 16.4 868 34.2

Table 15 - Simple differentia magnitude estimate of EDUS Centaur booster -
MilStar 3 Centaur booster 50% illumination basdine.

A supplementa spreadsheet of supporting computaions is available a Fisher (2009a).
For more background on the Seavenson-Sgdwick TLM and Schaefer TLM modes, see
Fisher (2006Db).
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Using the MilStar 3 Centaur 50% illumination magnitude as the planning baseline,
differentid magnitude anaysis suggests that amateurs using 10 to 12 inch telescopes
should be able to image the LCROSS EDUS to observer-satellite distances between
100,000 to 150,000 kilometers.

As the launch event nears, observers may wish to updaetheir persond visibility estimate
using a Schaefer TLM cadculator. See Fisher (20064) for a javascript implementation
updating Larry Bogan's 1998 code for the Schaefer TLM agorithm.

The primitive mode above relies on the Seavenson-Sgdwick light-grasp telescopic
limiting magnitude formula The Seavenson-Sgdwick TLM modd has been
superceded by the more complex Schaefer TLM mode. The earlier Steavenson- S gdwick
TLM formulais based on the assumption of good magnitude 6.0 ZLM (zenithal limiting
magnitude) skies and the observer using the maximum theoreticad magnification for a

gven gperture.

M odern observers typicdly view from semi-light-polluted suburban locations. The
Schaefer TLM mode incorporates the observer’s locd ZLM into the mode’s TLM
estimate.

Light-pollution may nat be the only source of sky wash-out on the expected mission
launch date in May. The last scheduled LCROSSLRO launch date was for April 25,
2009 OUT (Spaceflightnow.com, 2009, NASA, 2009b; NASA, 2009¢). This launch date
has been reschedul ed and has been slipped on five prior occasions, most recently toM &y
7, 2009 (id.; Tooley, Feb. 12, 2009).

On April 25, 2009 OUT, the Moon will be a 4.8 lunaion days with an illuminated
fraction of 19%. Considering that the LCROSS-EDUS will initially travel and skim the

M oon in alow orbit for agravity-assist pass, partid sky washout from anear-first quarter
M oon ispossible duringits first Earth-M oontransit. Smilar constraints may exist for the
rescheduled M ay 7, 2009 launch date.

In conclusion, balancing sky-washout against the increased limiting magnitude reach
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achievable through CCD imaging (typicaly 1 to 1.5 magnitudes), the LCROSS-EDUS
booster conservatively should be visible or detectable by imagng using 10 to 12 inches
of aperture to a distance of 100,000 km to 125,000 km from Earth. Observers should
update their persond estimates on the launch date using a Schaefer TLM caculator
(Fisher, 20064).

This trans-lunar orbit booger visibility egimateis consistent with historical records.

A historica search of Sy & Telescope issues during the Apollo era reveded some
amateur and professional observations of Apollo trans lunar orbit insertions and the
outgoing and returning Command M odules. Sky & Tdescope (April 1971) reports how
the "M oonwach Division” of the Smithsonian Adrophysical Observatory digributed
predicted locations of the outbound Apollo Command M odule and Saturn 1V booster.
Pulliman (Oct. 2007) gves background on Project M oonwatch.

Observations reported in the 1971 Sky & Tedescope article include the following On
Jan. 31, Fernbank Science Center imaged the Command M odule and two 33 ft Saturn IV
adapter panels a 18,000 miles (29,000km) using 36 inches of aperture. A Center scientist
aso visualy observed the Command M odule and the adapter panelsin a 6 inch refractor
finder scope a magnitude 10 or 11. On Jan. 31, F.J. Eastman visudly observed the 11
magnitude Command M odulein a12 1/2 inch Newtonian. On Feb. 1, 1971, the Fernbank
Science Center imaged the Command M odule as a magnitude 13 object and the engne
plume during a mid-course burn correction using a 36 inch aperture. No distance is
stated in the article, but the Apollo 14 Mission Report a Table 6-111 indicates that the

first mid-course correction burn occurred aout 30 hours into the flight and a about
118,000 miles (190,000km) from the Earth (NASA, 1972).

On Feb. 7, 1971, University of Oregon resear chers, using a24 inch aperture, imaged the
returning Command M odule a 177,830 miles (286,000km).

On Feb. 8, 1971, amateur observers were reported to have visudly seen the Command
M odule in an 8 inch reflector when the CM was about 106,000 miles (170,000km) from

page 82



SELENOLOGY TODAY # 13

Earth.

For fuel dumps to be observable within thefirst 10 hours or totrack the outbound booster
during the initid trans lunar orbit during the first 30 hours, timely orbit dement and

position datawill be necessary. Ordinarily, amateur satellite trackers use orbita & ements
provided on adelay ed basis from the United Sates Airforce (Soacetrack.org, 2009). One
way tha LCROSS public outreach efforts can aid amateur involvement is to cregie a
conduit for such positiona data between amateurs the Ames M ission Operations Center
and/or the Flight Dynamics Center a Goddard Space Flight Center (see Hedmann |,

2006b a Side 38). The existing satellite ephemeris service providers are a preexisting
network tha can distribute such information, eg., Heaven's Above, Ca Sky and/or the
Jet Prapulsion Laboratory’s Horizon web application.

6.3 Cruise phase imagng opportunities

LCROSS team public education member Brian Day mentioned that the team was
considering supporting amateur imaging of the EDUS stage based on the 2002 amateur
detection of an Apollo eraSaturn V booster a an Earth Lagrange point (Day, 2008).

About mission day 5, the LCROSS-EDUS will swing by the M oon into a gravity assig
orbit with a nomind lunar orbit diameter of 500,000 - 700,000 km inclined a about 76

degrees to the lunar equator (Ennico, 2008 at Sides 20-21). Depending on a find north

or south polar target selection, the LCROSS-EDU combination will remain in a cruise
orbit for anather 3to 4.5 months and make 2 or 3 perigee passes within 4,000 km of the
Moon (Gald, 2008 a Side 11). Snce a final target selection has not been made, the
parameters and timing of this cruise portion of the LCROSS EDU orbit are not known at

this time.

The proposa for Centaur acquisition during the cruise phase is based on imagng
experience surrounding minor planet object JOO2E3 in 2002 and 2003. In 2002, a Saturn
V third stage, probably from Apollo 12, was discovered by amateur Britt (2002a) a
magnitude 16.5 at Earth's L1 LaGrange Point with 18 inch of gerture (Britt, 2002b).
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The object was designated minor planet JOO2E3. Thetarget distance was nat dated, but
L1 and L2 points are gpproximately 1.5 million kilometers from Earth. Jorgensen et d.
(Ma 2003) conduct follow-up spectra imagng and confirmed that JOO2E3 was an
artificial man-made object.

Rick Badridgeimaged JOO2E3 on M arch 29, 2003 usinga 16 inch f/5 Newtonian usinga
SdlaCam EX at adistance of 446,706 km:

JOO2E3 Rocket (Possible Saturn S-IVB stage)
March 29, 2003 21:45 PST
Distance 0.00298605 AUs __!m2age every 20 seconds

|Oakridge Observatory *
137.2039° -122.0539° 730M
\NAD 1927
¥ SAO 139517 /

Mag910. Sa .-

/

GSC 554680
GSC 5546634 Mag 14.0
Mag 15.1
X

GSC 5546172

Mag 14.5 - :
Rick Baldridge

Figure 45— J002E3 imaged on March 29, 2003. Photo courtesy of R. Baldridge.

For other images of JOO2E3 in 2002 using 127, 14” and 24" of gerture and 30 to 60
second exposure times, see Spaceweather.com (2002).

In conclusion, imagng of the Centaur booster during its threemonth cruise phase
appears possible,
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6.4 Lunar orhbit brightdimb trandts probably na cannot be imaged

M odding aboveindicates that the dbedo of aCentaur probably is insufficient to recover
the object against a 12 to 15 magnitude per square arcsec dark limb.

The visibility of Centaur as it crosses the bright limb is governed not by its abedo, but
by its occulting disk size, e.g. as occurs for asteroids occulting stars. Since a 12 meter
long object a a distance of 384,400 kilometers only subtends 0.006 arcsecs, it is nat
probable that amateurs will be &bl eto image the two or three transits of the bright limb of
the Moon during the cruise phase. Reported prior experience, described as follows,

raises guestions about this conclusion.

Thematter warrants further consideration by the amateur imaging community .

With respect to near-Earth objects, Lena (2008b) captured the bright and dark lunar limb
transit of the debris field from Chinese satellite FENGYUN 1C DEB (1999-025-UX)
where the highest concentration of debris was estimated at 850 km. The image capture

involved 2 pixd flashes on sequentia AVI frames.

Lena (2008b) dso imaged the ISS transiting the dark limb of the M oon a a distance of
957 km from an Earth-based observer.

Whether the experience with near-Earth satellites can be extrapolated to a lunar orbiting
satelliteat adistance of 384,400 kilometers warrants further discussion.
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7. At lunar impad,it is unlikely that the impad flash will be vishe.
7.1 Generdly

Theoretically, the EDUS impact flash could be visible from Earth if the point of impact
occurs in those limited portions of permanently shadowed regons that do na receive
visible light, but into which Earth-based radar has penetrated. Margot & d. (1999) (a
Fig 3) identifies cold-trgps a the north and south poles which are (a) permanently
shadowed and not visible to Earth-base radar and (b) permanently shadowed and visible
to Earth-based radar. In theory, if an impact occurred in areas that are permanently
shadowed and visible to Earth-based radar, theimpact flash would be visible.

Inspection of M argot’s Figure 3 and the candidate tar get indicates thisis unlikdy. Small
bowl shaped craters, like northern candidates Fibiger and Erlanger, have crater size to
depth relationship tha prevented M argot et d.’s radar waves from reaching their floors
(see Pike, 1977). The Nansen F regon and Faustini do have sizeable areas that could
have been seen by M argot et. d. radar. But for Faustini, current “ sweet gpat” coordinates
are not within an area that is both shadowed and visible to radar. For the Nansen F
region, it remains to be determined whether Nansen F will be sdlected, or if selected
find targeting be in such alight-dark but radar-visible area.

It is more likedy that the impact flash will not be visible to Earth-based amateurs
principaly because the impact will occur below the rim of a shadowed crater. The rim
will block adirect view of theimpact flash.

No reference to the expected impact flash brightness was found in LCROSS Team

publications beyond an indirect flux value of 0.001to 1 W m2 micront a a shepherding
satellite distance of 1000 km (Bussey, 2008a a Side 14). This limited information did

not includethe size of theinitia flash. Thus, it was not possible to formulate amagnitude

estimate for the flash as seen by Earth-based observers.

Anaogous atificid and man-made impact flashes have been observed in a variety of

contexts.
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7.2 Andogous atifida impacts flashes

M cRobert (2005) and Univ. of M aryland and NASA (2008d) report that the 2005 Degp
Impact flash was not observed by amateurs, but the resulting sunlit gecta cloud was

observed and imaged by many amateurs using 10 to 16 inches of gperture.

Amateur Lipscomb (2007) makes a credible report that he captured the September 2,
2006 flash fromthe276.5 kg SMART-1 impact at 2.0 kms-2. Lipscomb used a M eade
LX90 of 8inches of gperture and under cloudy conditions (L ipscomb, 2006a; Lipscomb,
2006Db; Begtty, 2006). The flight mass of Smart-1 was 366.5 kg including 82k g of Xenon
fud and 8kgof hydrazine (ESA, 2003). Thereis insufficient independent confirmation of
the Lipscomb capture as ared flash. The aftergow could just to be arandom pesk of the
back ground noise (L ena, 2007).

Formal amateur observing campai gns and other advanced imagers failed to capture the
flash or gecta curtain, principaly due to unfavorable weather conditions (Asronomia
Observaciond's Net-REA, Lunar Section, 2006; Wood, 2006b).

Professionas Velliet and Foing using an infra-red webcam with 10 second exposure and
an H2 narrow-band filter a 2122 nanometers with a 32 nanometers bandwidth coupled
to the Canada-France-Hawaii Telescope with 3.6 meters of gperture imaged both the
SV ART-1 impact flash and ejecta dust cloud (Véliet and Foing, 2007; Velliet, 2006).
Luckily, the flash occurred duringone of the 10 second exposureintervas and not during
CCD read-out.

The 1999 impact of the 158 kg Lunar Prospector satellite at 1.7 km sec! a a highly
oblique angle faled to produce a detectable flash or plume (Goldstein, 1999 re

spacecraft mass and velocity). Barker et d. (1999) concluded that observation was
hampered by scattered light from the bright lunar limb.

A historicd search of Sky & Teescope issues around the time of lunar impacts by
Apollo LEMs and Saturn IV boosters was done. NASA (2008a) provides a list of LEM
and Saturn IV-B impacts was used as a quide. Each Sky and Tdescope issue for three
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months following a Saturn booster impact was examined. Apollo preiminary science
reports were reviewed. No references to Earth-based observations of flashes or gecta
curtains at the time of impact werefound. Aswith theimpact flash, it is unlikey that the
EDUS and LCROSS post-impact craters will not be observable from Earth because the
artificial impact craters will be obscured from direct view by the one to two kilometer
high naturd crater rim.

Post-impact, severa historica artificial lunar impact craters have been imaged.
Whitaker (1972) (Apollo Saturn 1V) and Moore (1972) (Ranger series) inventoried
known images of Ranger and Apollo era impacts using Apollo 16 lunar orbit panorama
images (M oore, 1978). Whitaker (1972) lists three impacts that occurred at high anges
similar to the proposed EDUS and LCROSS impacts (id. at Tables 29-11 and 29-111).

I mpact velocity km Measured crater

Spacecraf t Mass kg sect I mpact angle dia meters

Ranger 7 3656 2616 64 145

Apollo 13 Saturn 13,925 258 76 41
VB

Apollo 14 Saturn 14,016 254 69
1VB

Table 16 - High angle Ranger and Apollo eraimpacts and resulting craters from Whitaker
(1972) and Moore (1978).

Spacecraf t Selenographic wmordinates Apollo panorama image

Ranger 7 S2.45 W4322 AS16-P-5435
Apollo 13 Saturn VB S2.54 W27.79 A S14-69-9%656
Apollo 14 Saturn IVB S8.17 W2595 AS16-P-5451, 5453, 5444

Table 17 - Apdlo images related to Whitaker (1972) and Moore (1978) impacts in
preceding table.
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Figure 1, above, is of the Apollo 14 Saturn I VB impact crater and ejecta blanket from
AS16-P-5451. Notethe dark gecta blanket extends to the southeas and two light gecta
rays exit to the northeast. Although most of the gecta curtain is confined to within 1
kilometer of the impact, but the longest light gecta ray extends for 5 km (Whitaker,
1972).

Figure 46, below, is of the Ranger 7 impact crater and ejecta blanket from A S16-P-5435.
Thecraer's goss gppearanceis similar to LCROSS team models for the 2,000 kgEDUS
impact.

Figure 46 - Ranger 7 impact aater (14.5m) and ejecta blanket from Fig. 29-48 in Whitaker
(1972). Scale bar is100m. Photo courtesy of NASA.

On February 20, 1965, professiond astronomers Alika Herring and Chuck Wood
attempted unsuccessfully to observed the flash of the impact of Ranger 8 using Kitt
Peak's 84" of gperture (Wood, 2008b).

Schultz (2007) concluded that the size of craters produced by the 370 kg Ranger (14.5 m)
and 13,900 to 14,920 kg Saturn IV impacts (41 m) can be used to bracket the likely size
of the impact crater that will be left by the 2,000 kg EDUS and 700 kg LCROSS
shepherding satdlite.

7.3 Analogous natura impaa flashes

Naturaly occurring dark limb meteoroid impact flashes currently are the subject of
intense professiona research and pro-amateur cooperative observing campa gns (NASA,

2008h, soliciting amateur observations of lunar meteor i mpacts).
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A review of limited available mass-to-magnitude datafor lunar meteoroid i mpact flashes
weighs in favor of the conclusion that the inpact flash, if nat obscured from Earth
observers, would bevisible. A minimum integrated flash magnitude for amateur planning

purposes is 7 or 8 magnitudes.

Agan, the LCROSS mission profile is to target the EDUS impact degp in the
permanently shadowed portion of lunar polar crater. It is unlikely that the flash will be
seen, absent targeting error or uncertainty, by the target crater’s rim from Earth-based
direct-view. There is smal chance that the EDUS impact will strike in those portions of
PSRs that receive no sunlight but that are visible to Earth-based radar. The targeting
accuracy of the EDUSIs 3km (Bussey, 2008aat Side9).

For an andogy to the integrated magnitude of the EDUS impact, we look to the
minimum Kinetic energy before impact of known lunar meteor impacts that produced a
flash detectable on the Earth.

As of Nov. 7, 2008, NASA’s Space Environments Team and M deoroid Environment
Office a the M arshall Space Flight Center has catdogued 138 probable and confirmed
lunar impact flashes (M oser, 2008).

Of these 138 detected flashes, the M eteoriod Environment Office has published data on
the magnitude of the impacts for 20 events (Cooke et d., 2007 at Table 1; Cooke et d.,
2006). For the 20 events with published magnitudes, 9 are confirmed and associ ated
with meteor streams with known average velocities. Of those 9 observations, 6 impacts
were brighter than magnitude 9. NASA (2006) lists characteristics of a seventh event
(M e@eriod Officeld 2) that occurred on M ay 2, 2006.

The characteristics of these limited 7 impact observations still are instructive as to the

minimum kinetic energy that an object must paossess in order to produce a lunar impact
flash that can be observed from the Earth.
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Meteoriod Office Averagestream
ID Date Approx. mag. Asdated stream velocity km sec?

1 7 Nov 05 7.3 Taurid 27
2 2 May 06 6.9 Sporalic 38
11 17 Nov 06 8.2 L eonid 70
15 14 Dec06 85 Geminid 33
16 14 Dec06 8.6 Geminid 33
19 14 Dec06 8.7 Geminid 33
20 14 Dec06 75 Geminid 33

Table 18 - Characteristics of seven lunar meteor impact fl ashes from Moser (2008), C ooke
et a. (2007) and NASA (2006).

Meteoriod Office Detection aperture
ID Date Moon phase I mpact lat. mm

1 7 Nov 05 Waxing 39.5W 254
2 2 May 06 Waning 19.6W 254
11 17 Nov 06 Waning 80.3E 355
15 14 Dec06 Waning 46.4E 355
16 14 Dec06 Waning 84.0 355
19 14 Dec06 Waning 71.6E 355

20 14 Dec06 Warning 28.2E 355

Table 19 - More characteristics of seven lunar meteor impact flashes from Moser (2008),
Cooke et al. (2007) and NASA (2006).
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Sources for Table 18 and Table 19 are: 1d, date, approx. mag., and probable stream are
from Cooke et d. (2006) and NASA (2006). M oon phase and impact latitude and
detection gperture are from Moser (2008). Average stream velocity & Earth above
amosphereis from Cox (2001), Table 13.10 at p. 333.

This sanple of seven flashes is biased for lower-velocity, waning phase meteor impacts
from the Geminid streams, which itsdf has an average lower velocity reative to the

Earth as compared to the Leonids.

uges e al. (2008) notes that there is population bias in their sample of 138 probable
detections related to the phase of the M oon. Detections are less frequent (0.09 hr-1 vs.

0.17 hr-1) and have a lower average velocity (25 km sect vs. 55 km sec?) near the third

guarter waning phase of the M oon. At that fird-quarter waxing phase, the M oon follows
the Earth in its orbit around the Sun and the Earth-observable dark limb of the M oonis
exposed to impacts from meteors travelling from the goparent goex of Earth’'s trave,
from the antihelion direction and from the toroidal (north-south z plane of the ecliptic)
directions. M eteors approaching from the Earth’s apparent goex of motion have a higher

average velocity duein part totherdative orbital motion of the Earth and M oon.

Figure 47 - Apex meteors striking vis ble face of the First Quarter Moon. Yellow =meteors
from the apparent apex. Red = Earth orhital direction. Graphic courtesy of NASA JPL
Solar System Simulator .

At the third quarter waning phase, the M oon leads the Earth in its orbit around the Sun

and dark limb of the M oon exposed to higher velocity apeximpacts faces awvay from the
Earth.
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Figure 48 - Apex meteors striking hidden face of the Third Quarter Moon. Yellow =
meteors from the apparent apex. Red = Earth orbital direction. Graphic courtesy of NASA
JPL Solar System Simulator.

CompareFigs. 3and 2 in Suggs, Cookeand Suggs et d (2008).

This sample of 7 impact flashes listed above are biased towards the waning phase
impacts from the moderate velocity Geminid meteor stream on asinge date. As asample
to be used to definethe constraint on the minimum kinetic energy that an impactor must
possess in order to produce an impact flash visible to Eath-based observers, this bias is
helpful.

The Earth-based view ande of these 7 impacts is dso relevant to their impact energy.
Three of the seven samples are occurred at lunar latitudes greater than 80 degrees; three

occurred at latitudes less than 50 degr ees.

In experiments with the NASA Ames Vdocity Gun Range, a hyper-velocity gun, Ernst
and Schultz (2008) found the brightness of simulated lunar impact flash was nine times
fainter when viewed from the side as opposed when viewed from above. “An impact
near the edge of the lunar disk will appear to have far less luminous energy than an

identica impact near the sub-Earth point.” Id.

Bellot-Rubio et d. (2000) provide an anaytic model for determining the luminous
energy reachingthe Earth from lunar meteor i mpacts viewed at various angles.

The brightness ratio of 9-to-1 found by Erng and Schultz implies adiff erentid integrated
magnitude of about 2.4v (2.5 x 10g10(9/1)).

The three impacts in Table 18 near the lunar limb would have to have more impact
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energy in order to produce flashes of gpproximately the same apparent magnitude —

about 8.5v — as those impacts tha occurred closer to the center of the lunar disk.

The three impacts in Table 18 a lunar latitudes greater than 70 degrees suggest a

minimum constraint on the impact energy necessary to produce an impact flash at the

M oon’s north or south polesthat would be observable from the Earth:

Appxmag. Impact lat.

Velocity km sec?

Kineticenergy Jfor 1kg meteor before
impact

8.2 80.3E

8.6 84.0E

8.7 71.6E

70

33

33

2.45E+09

5.45E+08

5.45E+08

Table 20 - Minimum impact energy of Earth-observable lunar meteor impads — kinetic
energy at Moon implied from three lunar impact flashes from Suggset al. (2008).

Kinetic energy J beforeim-
Appxmag. Est.Masskg Velocitykm sec?  pact

Detection aperture mm

4.9 72

19 72

72

0.3 72

0.12 72

1.27E+10

4.92E+09

2.00E+09

7.78E+08

3.11E+08

200

200

200

200

200

Table 21 - Earth-observable impact energiesat Moon for six lunar impact flashes observed

by Bellot-Rubio et al . (2000).
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Kineticenergy b ore
Object Est. mass (kg) Velocitykm sec*  impact J

Deep Inpact sd. - comet 370 10.2 1.92E+10
Sporadic meg 6.9 235 38 1.7E+10

L eonid meg 3 49 72 1.27E+10
EDUS- predicted 25 6.25E+09
L eonid mag 4 . 72 4.92E+09
L eonid mag 8.2 70 2.45E+09
LCROSS- predicated 25 2.19E+09
L eonid meg 5 72 2.00E+09
L eonid meg 6 . 72 7.78E+08
SMART-1 (oblique) 20 5.38E+08
Geminid mag 8.6 1 33 5.45E+03
Geminid mag 8.7 1 33 5.45E+03
L eonid meg 7 0.12 72 3.11E+08
L unar Progpector (oblique) 156 17 2.256+08

Table 22 - Kineticenergy beforeimpact of satellitesandlunar meteor impads with known
magnitudes and EDUS-LCROSS predi cted kineti cener gies.

uggs et d. (2008) suggested the meteors in the M eteoroid Environment Office impact
list to be*ontheorder of 1 kg” Table 20 ignores the unknown ange of impact rdative

to thelunar surface for each meteor.

Bellot-Rubio et a. (2000) reported observed magnitudes and estimated velocities and
masses for five Leonid meteor flashes that occurred at an oblique ange between 30-55
degrees on Nov. 18, 1998. Table 21.

Table 22 summaries the kinetic energes of naturd and artificid impactors are described
in Table 18 through Table 21. With respect to theM ay 2, 2006 M d@eoriod Office Id. No.
2 impact, themassis estimated from information in NASA (2006).

The kinetic energies before impact in Table 20, Table 21 and Table 22 were computed
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using the simple kinetic equation:

E = amv?
Equation 5 - Kineticenergy equation
Colaprete (2008) (at Side 17) estimates for the impact energy of the 2,000 kg EDUS is
6.5E+9 Joules. (6.25E+9 J = %% x 2,000 kg x (2.5 km/sec)?). This is consistent with the
energy in Earth observable meteor impacts and is aout 11 times the kinetic energy of
observed 8.6-8.7 magnitude Geminid meteor impacts near the lunar limb.

If the luminous efficiencies for the EDUS impact and the Geminid impacts are similar,
this implies an EDUS impact brightness of about 6 magnitudes. (6.0 = 8.6 + 2.5*Logl0
(1/12)).

Bellot-Rubio aso computed a luminous efficiency constant for these 72 km sect inpact

of 0.002, that is two-thousands of the impact’s kinetic energy was converted to light
between 400 and 900nm. The luminous efficiency of the slower 2.5 km sec! LCROSS
EDUSimpact has not been reported.

The radiant efficiency of the LCROSS EDUS impact is not known and therefore the
impact kinetic energy of impacts at these different velocities are not directly comparable.

Nonetheless, the above suggests that if the EDUS impact is not obscured from the direct
view of an Earth-based amateur, the event will be visudly observable.

Agan, the LCROSS mission profile is to target the impact of the EDUS into a

permanently shadowed portion of apolar crater that will be obscured from direct viewing
by an Earth-based observer.
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Humarum

Dceanus Procellenem

Figure 49 - A magnitude 6.9 lunar impad flash on May 2, 2006 recorded by the NASA
Meteoroid Environment Office (NASA, 2006). Photo oourtesy of NASA and NASA
Marshall Space Flight Center.

Figure 49 shows amagnitude 6.9 flash from a lunar impact captured in M ay 2006 by the
NASA Meteoriod Environment Office. In NASA (2006), Bill Cooke of the M eteoriod
Office estimated the resulting impact generated a crater 3 meters deep and 14 meters in
diameter. Thisis similar in sizeto the predicted crater to be crested by the EDUS impact.

For the techniques of imagng and modeling lunar impact flashes by professionas and
amateurs, see Swift, Cooke and Suggs (2008), Lenaand Evans (2008) and Lena (20083).

8 [Ejeda curtan imagng opportunities and brightness
8.1 LCROSS team CBEIM edimate for the geda aurtan

Amateurs are principaly interested in event visibility in the visua range of 480nm to

700nm. Table 1, above, summarizes the results of the LCROSS Team' s thinking on what

thelikely size of the gectacloud will be.

As naed in the Introdudion, the LCROSS Team has not issued edimates of the
integrated magnitudes of the LCROSS-Centaur impact €ecta curtan for amateur
Imaging purposes.

M agnitude estimates that have been made arefor sing e wave ength spectral radiance and
irradiance a Earth with emphasis on predicting the magnitude of the impact as seen
through asub-arcsec glit of the near-IR SpeX spectrograph and imaging camera at the
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NASA InfraRed Teescope Fecility (IRTF) on Mauna Kea, Hawaii (Univ. of Hawaii,
2009).

Figure 50 - SpeX spedrograph (blue box) at IRTF (Univ. of Hawaii, 2009). Photo
courtesy of IRTF, Univ. of Hawaii .

What has been published by the LCROSS Team as 25 Jan. 2009 is the following Bart
(2008) stated that the gecta cloud “[s]hould be quite visible (Mag 9-10 per [quarter
arcsec]) from Earth in the Pacific (includingwest coast)” coupled with charts (Slides 19-
20) showing the irradiance (brightness) of the gecta cloud when observed from Earth
would be around 1 x 10° Watts meter? micront (Bart, 2008, Jides 17-20). The best
avallable LCROSS statement regarding the apparent magnitude of the gecta curtain at
Earth is a peak brightness of 6 magnitudes per [quarter arcsec] field-of-view (FOV) a
555nm at 40 secs after impact (Bart, 2008 a Slide 20). (Author’s note: bracketed quarter

arcsec figure corrected based on LCROSS Team communication.)

These vaues are stated in irradiance and spectra irradiance units a a singe fregquency
typically used by professiona astronomers and not full spectrum visua or photometric
magnitudes usudly used by generd amateurs. As nated above in Section 2.2, the
LCROSS Team and independent researchers have devoted significant effort to modeing
the physica gectacloud that will result from the EDUS impact and the likely brightness
of that gectacloud, both from an Earth and spacecraft viewpoint.
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LCROSS team estimates of the impact gecta plume's irradiance a Eath a a visud
wavelength of 550nm were developed through three andyticd steps. Jutzi and Benz
(2006, 2008) and Korycansky and Agphaug (2008) prepared smooth particle
hydrody namic (SPH) computer models. Wooden (2008) took the dust-grain-particle
computer models and extended them to predict gecta cloud brightness based on the
radiant efficiency of hypathetica dust particles 30 and 100 micronsin diameter. Summy
et a. (2009) modeled the dust cloud density (but no dust grain radiant emittance) a 25 to
100 seconds after impact and reported gectacloud sizes consistent with Wooden (2008).

Radiant efficiency means, in this context, the percentage of radiant emittance from the
Sun that is reflected off the gecta cloud and back towards the Earth. Dust grains absorb
some sunlight and scatter some sunlight avay from the Earth. The net baance is
reflected towards an Earth based-observer.

An estimate of irradiance a Earth in a singe 550nm wavelength is an incidenta by-
product of the LCROSS Team's activities. However, as asinge wave ength prediction,
it is nat useable by amateurs for making exposure estimates. Tha requires full gpectrum
irradiance & Earth values.

As noted above, for Earth-ground-based observations the LCROSS Team is focused on
other gectrd waveengths that are ouside the gectrd regponse curves of typica
amateur CCDs and spectrograph equipment — afact reflected in the professiona focus of
their published estimates.

8.2 Prior andogous geda aurtans

As discussed under Section 7 above, neither impact flashes nor gecta clouds were
observed during the Ranger missions or for Apollo eraSaturn 1V and LEM impacts.

The Deep Impact gectacloud was observed by amateurs with 8 to 12 inches of aperture.
See discussion Section 2.1, above. The SMART-1 inpact cloud was only dearly
captured by large professiona telescopes. (As noted above, amateur Peter Lipscomb

claims an unconfirmed detection.) See discussion Section 7.2, above.
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In 1959, a vapor cloud from a specidly designed Luna 2 rocket booster was observed.
TheLunal and Luna?2 boosters included severd pounds of sodium metd surroundinga
thermite charge. The purpose of the packet was totemporarily increase the brightness of
the gpacecraft to dlow Earth-based opticd telescopes to deermine its position during
trans lunar orbit. The thermite charge was e ectronically detonated at 113,000 km from
the Earth and dispersed sodiuminto avapor cloud that was opticaly observed expanding
out to a400 kilometer diameter before it became too faint to seevisudly (Christy, 2009,
including cloud photographs). The cloud reached a maximum brightness of 4 to 5
magnitudes.

8.3 A reasonable interva for exposure cdibration testing to capture the gecaaurtan

In the absence of a published model that provides a predicted full spectrum integrated
and mpsas vaue for the gectacurtain, amateurs are forced to rely on a reasonable range
of magnitudes method for deciding on what magnitudes to exposure cdibration a the
difficult near terminator dark feature poles anticipated at the time of impact.

The upper bound of this reasonable range of magnitudes is based on the compacted,

opticaly opague, lunar regolith. M ontafiés-Rodriguez and Goode (Sept. 2007) report
that features on the bright limb vary from 4 to 6 mpsas based on Earth-M oon-Sun
geometry (M ontafiés-Rodriguez and Goode, Sept. 2007). The faintest extended object
detectable against a background of 4 to 6 mpsas is gven by the method of Clark (1990)
and Covington (1998):

Cl =-0.4* (Object_mpsas - Background_mpsas)
Equation 6 - Contrast index formula (Clark, 1990).

Assuming, based on experience, that a contrast index of 1 as a reasonably detectable

minimum contrast, thepreceding equation reduces to:

Object_mpsas = Background_mpsas - 0.4

Equation 7- Contragt index forumla solved for an object'smpsasat acontrast index of 1.

Aganst a 4 to 6 mpsas background, a 3.4 to 5.4 npsas object is the faintest that will
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generate sufficient contrast to bevisible. Applyingthe method of Covington (1998) and
Clark (1990) to convert mpsas of an extended-object to an integrated magnitude,
suggests for a10 km x 5km curtain (5" x2.75") will need to have an apparent brightness
of 0.9to 2.9 integrated magnitudes to be detectable visually.

0.9 to 2.9 integrated magnitudes is the recommended upper end of the interva for
exposure cdibration practice.

Anecdotd evidence from amateurs who specidizein lunar occultation indicates that with
12" of apertureand an IR sensitive camera, magnitude 7 stars can be detected to within 5

arcsecs of the bright limb beforethey disappear into gare.

Thelower bound of this reasonable range of magnitudes for imagng cdibration testingis
the faintest extended object that has sufficient contragt to be visible against the upper

range of the dark limb of the M oon.

M ontafiés-Rodriguez and Goode (Sept. 2007) aso report a mean albedo vdue of 15.44
mpsas for the dark limb a a standardized distance with a variance between 12 to 17

mpsas dgpending on changes in Earth-M oon geometry, phase, and Earth’s abedo.

Assuming a contrast index of 1 asthe minimally detectable Cl and a10 km x5 km gecta

curtain, 12 to 17 mpsas implies 8.9 and 13.9 integrated magnitudes as the minimum
brightness of an gecta curtain that has a sufficient contrast to be detected. The methods
of Covington (1998) and Clark (1990) was applied used to compute a contrast index and
convert to integrated magnitudes.

8.9 integrated magnitudes is the recommended lower end of the interva for exposure
cdibration practice.

Anecdotd evidence from amateurs who specidizein lunar occultation indicates that with
12" of aperture and an IR sensitive camera, magnitude 11 stars can be detected before
they disgopear against the dark limb.

A supporting spreadsheet of computations can befound a Fisher (2009Db).
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9. Condudon

A legtimate amateur question concerning EDUS impact imagng may be, to paraphrase
Shakespeare, “much ado about nothing?’ For the amateur imager, the LCROSS-EDUS
gecta curtain simply may end up as a5 x 2 arcsec ling, invisible in the overwhelming
brightness of the lunar terminator and under poor seeing conditions when the M oon is
only 20 or 30 degrees above a40 North latitude observer’s horizon.

LCROSS is so much morethan that.

The LCROSS impact experiment represents the best of science. The experiment seeks to
settle an important unresolved question on which planetary experts reasonably disagree.
The result is arobust scientific debate that in and of itsef warrants close following by
lunar enthusiasts.

The LCROSSimpact will beaonce-in-alifetime event of uncertain brightness. It may be
much larger and brighter than the LCROSS Team CBEIM low-bound prediction. Pre-
event practice for this one-shot imagng opportunity will best assure amateurs of

capturing ausesbl eimagein July or August 20009.

The impact event and suggested pre-event practice provides the hobby astronomer-
scientist with many gpportunities to use the sky asyour persond laboratory. The many
pre-impact practice events suggested here also provide amateurs with many opportunities
to gain or improve awide-range of skills, i.e. — imaging for detalls in smal festures a
the extreme polar limbs, topographic recognition at the lunar poles, exposure caibration
for high-contrast imaging with filters, lunar grazes and occultation, satellite tracking,
spectrascopy, and aesthdic image processing by combining short exposure and long
exposure images.

If the LCROSS experiment’s results are negative, this only will mean that 2 of the 1,379
paentid cold trgps identified by Bussey @ a. (2003) will have been tested — or 0.1% of
the candidates. If staed in terms of square kilometers, Bussey d a. (2003) identified

7,500 kn? of permanently shadowed regions. Lunar Prospector and the planned EDUS
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impact combined a best will excavate a surface area of 600 n¥ or 0.0006 km?, thus
sampling about 0.000008% of PSRs. For apopulation of 1,379 randomly chosen PSRs (a
condition admittedly not present for tests for lunar polar ice) and a desirable significance
level of 95%, asample size of 19 craters would need to be tested. Testing two craters
may be not enough to definitively resolve the question of polar ice. Chandray aan-1 and
Lunar Reconnaissance Orbiter are equipped with miniaturized ground-penetrating radar,

the mini-RF experiment. If another experiment is needed, these remote sensing

instruments will be used to improve identification of future cold trap candidates.

Regardless of the LCROSS experiment’s outcome, the lunar poles will continue to be
centra to the future of human exploration of the M oon. The poles are energy minimum
landing points, they have abundant continuous solar power, and the poles experience
reativey moderate environmenta temperatures compared to the low latitudes of the
lunar disk (Bussey, 2008b).

Recommended animations

Lunar Crater Observation and Sensing Satellite (LCROSS) First Steps. url: http://
www.nhasa.gov/mission_pages/L CROSS multimedia/ LCROSS First_ Step_mp.html and
http://www.nasa.gov/mp4/219670main_ARC-LCROSS FirstSep.mp4 (This animation

visudizes theimpact. 4 minutes)

LCROSS Overview Video (Northrop Grumman Corp.). url: http://
www.g.northropgrumman. com/ medi a/presskits/mediaGal ery /L CROSS/videos/
media2_1 24476 25754.html (Best explanation of mission; best gecta plume ani mation)
Deep Impact: Pumice Impact Test (Sde View). url: http://degpimpact.umd.edu/gallery/
vid4.html

Deep Impact: Pumice Impact Test (Tap View). url: http://degpimpact.umd.edu/gallery/
vid3.html
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A 6.9 magnitude flash fromaM ay 2006 lunar impact. url: http://
www.gpaceweat her 3.com/swpod2006/14jun06/movied50. gf

New Spacecraft to Search for Water on the M oon (NASA-LCROSS). url: http:/
wm.nasa-globa.speedera.net/wm.nasa- gobal/L Cross.wmv (Best spacecraft in cruise

animation)
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MAPPING FAUSTINI CRATER

by Raffaello Lena, Koksis Antal, KC Pau, George Tarsoudis,
Carmelo Zannelli, Stefan Lammel and Paolo Lazzarotti

At the present four south-pole regions are currently
candidates for the LCROSS impact, including the region
around Faustini crater (87.3° S, 77.0° E, 39 km diameter).
Several north pole craters are currently under

consideration as well.

Hi-resolution images carried out from a GLR group survey,
displaying the southern polar region including Faustini
are shown in the following report (cf. first figure for the

location of Faustini crater).

The images show the south polar region imaged with
several telescopes from 155 mm to 400 mm in diameter.

For each image is reported the date-time (UT), instrument,
the Earth’s selen. latitude (L), % of illumination (%), the

Sun’s colongitude (Col.) and the Moon’s age (Age) in days.

The comparison of modern images with some plates
from the Consolidated Lunar Atlas (1950-1960) is

interesting.

Representative plates of the polar regions taken at
favorable librations include

and The
contrast would illustrate advances in amateur imaging

capabilities.



http://www.lpi.usra.edu/resources/cla/info/h11/
http://www.lpi.usra.edu/resources/cla/info/h7/
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KoksisAntal L=-547° %=918 Cd.= 5996 Age=12.28

245/1240 Newton + barlow 2x
Antal Kocsis (Hungary)
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George Tarsoudis L=-4.74° % =80.6 Cd.=40.71° Age=10.49
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George Tarsoudis 2009/02/05 19:42-19:49 UT
Reflector 250 mm
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RaffaelloLena L=-559" %=695 Col.=30.71° Age=10.01

R. Lena December 7, 2008 18:48 UT
Maksutov Cassegrain 180 mm
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KC Pau L=-6.06>° %=67.3 Col.=24.84° Age=9.18

February, 4,2009 12:21 UT
KC Pau Newton 250 mm
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Carmelo Zanndli L=-3.72° % =76.4 Cd.=39.72° Age=10.92

C. Zannelli November, 8, 2008 21:20UT
Newton 412 mm
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Sefan Lammel L=-6.69° %=75.3 Col.= 36.58° Age=10.36
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Paolo Lazzaratti L=-4.88" % =745 Col.=27.70° Age=9.27

FAUSTINI Paolo Lazzarotti
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