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Introduction: The Lunar Crater Observation and 

Sensing Satellite (LCROSS) mission purposefully 
crashed the spent Centaur stage of the Atlas V lift ve-
hicle into the Moon on 9 Oct 2009.  The impact at ve-
locity of about 2.5 km/s produced a plume of gas and 
fine debris.  The Shepherding Spacecraft (SSC) fol-
lowed it in minutes later observing the plume nadir to 
it as it descended [1].  Also, 90 seconds after impact, 
the Lunar Reconnaissance Orbiter (LRO) flew past the 
impact site in its polar orbit around the Moon.  It sle-
wed 80.5° off of nadir to view the illuminated material 
against the dark background sky above the bright disk 
of the Moon [2].  Earth based observations also were 
conducted. 

We use our Monte Carlo model of species in the 
lunar exosphere to simulate the evolution of the plume 
generated from the LCROSS impact, and examine the 
output in the respective frames of reference of the ob-
servers. Nominally, we follow 106 atoms or molecules 
for each case studied (i.e., each temperature, species, 
etc.)  The program follows all particles from the point 
the gas goes collisionless until the particle is lost or 
until the desired amount of time passes, whichever 
comes first.  For understanding observations of the 
LCROSS impact, the time scale of interest is very 
short.  We typically stop the simulation after a simu-
lated duration of several minutes, which is short com-
pared to the typical lifetimes of the particles (several 
hours.)  Some runs are done at very long times to see 
the final disposition of the particles released by the 
LCROSS impact.  

We take a snapshot of the position of particles at 
specified times.  We then transform into the observer’s 
coordinate system (i.e., LRO, Earth, LCROSS-SSC) 
for output.  We can produce light curves, column den-
sity,  slit images, production rates, loss rates, delivery 
rates.  We scale results to per kg of material released 
by normalizing to per particle then multiply by NA/µ. 

LAMP Modeling: The Lunar Reconnaissance Or-
biter (LRO) spacecraft flew around the dayside of the 
Moon from north to south at about noon local time on 
the orbit of the LCROSS impact.  The field of view 
crossed the vertical from the Centaur impact site at 90 
seconds after the impact.  At the time of impact, LRO 
was 150 km away from its closest approach to the im-

pact site. LRO was on the nightside of the Moon by the 
time the LCROSS SSC crashed.  The Lyman Alpha 
Mapping Project (LAMP) on LRO saw a vapor release 
signal from the LCROSS impact.  The rise began about 
25 seconds after impact.  It peaked at 45 seconds, by 
closest approach, the signal was present but much re-
duced from the peak.  

We show the column density of H2 in a coordinate 
system centered on LAMP’s boresight at 45 s (ap-
proximately the LAMP peak) and 90 s after impact 
(approximately closest approach).  LAMP’s slit is 
about 30 km along the vertical.  We show the column 
density of H2 for 4 different vapor release scenarios. 

1) Thermal desorption as thermal wave propagates 
through the target, 1000 K.  As the compression stage 
occurs, a thermal wave and a shock wave propagate 
through the target.  The increased temperature and 
motion of the target material could cause desorption of 
volatile species.  If gas is released in this way, it would 
have a thermal distribution and a random orientation.  
Gas expands outward from the release point.  Altitude 
of central plume increases with time.  By the time of 
closest approach, cloud has thinned out and climbed to 
higher altitude that the LAMP is not looking through 
the densest region of the plume.  The light curve fits 
the observed light curve very well.  

2)  Sublimation at 200 K off of material isotropi-
cally.  Here, the gas expands outward from the release 
point.  The altitude of the central plume increases with 
time, but not as fast as in the 1000 K case.  By the time 
of closest approach, LAMP would be looking right 
through the densest part of the plume and, thus, the 
light curve would peak closer to closest approach. 

3) Sublimation off of material in ejecta curtain.  
The bulk of the ejecta material is funneled out of the 
crater in an annulus around the crater at an angle of 
about 45° to the vertical along the radial spoke as ex-
cavation occurs.  If gas and grains are coupled, the gas 
would leave with the ejecta velocity with a small range 
in release angles.  The lampshade curtain of gas pro-
duced is similar to lampshade curtain of ejecta.  The 
shade gets broader as time goes on and reaches higher 
altitude.  For LAMP’s observing geometry, the lamp-
shade doesn’t reach the field of view of the instrument 
regardless of the temperature at 45 s.   
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4) Photodissociation of water vapor.  As a vapor is 
exposed to sunlight, photons may dissociate a molecu-
lar gas into daughter species.  In this case, we ran the 
evolution of a water cloud and traced the H2 produced 
by photodissociation.  The daughter gases are pro-
duced with the excess energy from the photodissocia-
tion reaction.  They have a time varying spatial source 
region.  The photodissociation of water only produces 
H2 in 5% of all reactions [3].  The lifetime of a water 
molecule to photodissociation is about 18 hours.  Thus 
the simulation time is short compared to the lifetime.  
The central plume can be considered a continuous 
source.  The dissociation products quickly disperse 
because of their high excess energy (4 eV).   Further-
more, since the H2 is the lighter species, it gets 8 times 
more kinetic energy than the O atom.  That is why the 
H2 cloud is so spread out for similar times compared to 
the other runs.  The peak H2 signal would be expected 
at closest approach for cool water vapor plume. 

Of all of the release scenarios we investigated, the 
immediate release of H2 at ~1000 K best fit the ob-
served light curve.  As the thermal wave from the im-
pact penetrates the top few layers of lunar regolith, the 
H can be mobilized. H tends to migrate along regolith 
grains for OH site to OH site until it finds another mi-
grating H.  These two can combine to be released as 
H2O, or occasionally H2.  In such a transient environ-
ment, it is difficult to quantify how much H2 would be 
expected.  In depth knowledge of the volume of mate-
rial affected by the thermal wave is also needed to 
convert amount of H2 observed to weight fraction in 
the regolith.  The columns expected from 
photodissociation are 3 orders of magnitude lower than 
direct release of H2 from the impact because of the 
slow reaction rate and the low probability of producing 
H2 from dissociation of H2O.  Thus, any contribution 
from photodissociated water cannot be ruled out from 
these observations.  However, upper limits can be 
placed by looking for the H and O (OH is not visible 
by LAMP) that would also be produced from water 
dissociation.  LCROSS SSC Modeling:  The Shepherding 
Spacecraft (SSC) of the LCROSS mission followed the 
Centaur upper stage in to impact the Moon.  It was at 
600 km altitude when the Centaur impact occurred, 
and hit the Moon itself 4 minutes later very near the 
Centaur impact site [1].  As it descends, the fraction of 
material nadir to it decreases as the cloud rises to 
higher altitude.  In addition, the field of view decreases 
in area projected on the lunar surface as the altitude 
decreases.   

OH observed by the SSC would most likely be 
produced by photodissociation of H2O, in contrast to 
the H2 observed by LAMP.  Thus, the initial water 
vapor cloud must be followed, and a long-lived source 

of OH exists.  We model the H2O cloud to dissocia-
tion, then pick up the OH dissociation products with an 
energy expected from the partition of excess energy 
from the dissociation reaction.  Most of the kinetic 
energy (94%) goes to the H atom for conservation of 
momentum purposes; however, the OH would still be 
hotter than the H2O cloud that supplies it. 

The OH cloud does have a broader extent than the 
water vapor cloud at all times.  This is the effect of the 
OH being produced with greater temperature than the 
water vapor plume.  The production rate of OH is on 
the order of 10-5 s-1 [3].  OH has a very similar lifetime 
to H2O; thus, the expected column density is 3-4 orders 
of magnitude lower than the water column based only 
on production.  At 180 s, the peak OH column is 4x10-

4 that of the H2O peak (compared to 1.8x10-3 based on 
180 s of production) because it disperses more rapidly 
than the water. 

The field of view of the SSC is shrinking both in 
the projection on the surface and the column height.  
The central OH density decreases very slowly with 
time due to the nearly offsetting combination of the 
increased production, the rapid dispersion, and the 
observational effects. 

Sodium Modeling: We ran a model of the evolu-
tion of the sodium vapor plume released at an assumed 
temperature of 1000 K.  We ran the model for two dif-
ferent ejection directions:  isotropic and at an angle 45° 
toward the vertical from the crater radius.   

Observations of the sodium D2 line were done with 
the Stellar Spectrograph on the McMath-Pierce Main 
telescope. The first two 90-second integrations placed 
the slit in the Cabeus region (approximately centered 
on the impact site).  The slit was parallel to the tangent 
to the Moon.  For the third integration, the slit was 
shifted vertically to just above the limb. Model output 
corresponding to the integrations are shown. The first 
integration detected very little sodium, although a posi-
tive detection was made.  In fact, it was the very small 
signal that prompted the observers to move the slit for 
the second integration.  The bulk of the sodium ex-
tends south of the impact site.  Very little sodium stays 
over the disk of the moon from this vantage point.  At 
4 minutes, the SSC hit the Moon, and may have con-
tributed to the detection in the third integration.  We 
show the cumulative effect of both impacts in our 
simulations. The contribution of the SSC strongly af-
fects the intensity profile shape along the slit. 
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