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Introduction:  Recent epithermal neutron meas-

urements by Lunar Prospector (LP) reveals that hydro-
gen abundances in lunar soils within the depth of 10 ± 
5 cm from the surface reaches from 2 x 102 to 4 x 104 
ppm, corresponding to ~0.2 to 40 wt % H2O, in the 
permanently shdowed areas (PSAs) near the lunar 
poles [1, 2]. However, the terrain camera on-board the 
Selenological and Engineering Explorer (SELENE) did 
not find any exposed water-ice on the surface of the 
PSAs in the Shackleton crater near the lunar south pole 
[3]. Thus, although water probably exist in very shal-
low depths of the lunar regolith within the PSAs, both 
its form (water-ice and/or hydrated minerals) and depth 
distribution remain highly uncertain. 

The LCROSS Mission is an attempt to directly in-
vestigate the presence of water on the Moon by exca-
vating surface materials in a PSA inside Cabeus crater 
through two hypervelocity impacts of 2000 kg and 700 
kg projectiles, at 2.5 km/s impact velocity and >70° 
incident angle. Smooth-particle hydrodynamics (SPH) 
calculations suggest that when assuming the water con-
tent in the excavated lunar soil is 1 wt %, the amount of 
water ejected over the 2 km height of the rim of Cabeus 
crater would reach ~200 kg [4]. This amount would be 
observable from a large ground-based telescope, such 
as the Subaru telescope. Because ground-based tele-
scopes would look at LCROSS impact plume from the 
side, unlike LCROSS spacecraft looking from above, 
they would provide important information to constrain 
the depth distribution of water in the lunar regolith. 

Observation:  We observed infrared spectra during 
the LCROSS impact events with the Infrared Camera 
and Spectrograph (IRCS) Echelle spectrometer at Su-
baru telescope on Mauna Kea, Hawaii [5]. We targeted 
H2O emission lines near 2.9 µm wavelengths in non-
resonance fluorescence bands (hot bands) because the-
se emission lines are absorbed much less efficiently by 
atmospheric water vapor than fundamental water band 
emission [6]. The Echelle has a 1024 × 1024 pixel ar-
ray detector, and we used a 170 pixel [9.37”] × 4 pixel 
[0.27”] slit, corresponding to 18.7 km length and 0.54 
km width, which leads to the spectral resolution λ/Δλ 
~43000. We pointed the slit on the PSAs in the Cabeus 

crater, parallel to the top of the Cabeus rim in order to 
cover the impact plumes in the middle of the slit (Fig-
ure. 1). The Subaru adaptive optics (AO) system re-
duced wobbles of the slit within ± 0.05” (~0.1 km) dur-
ing the observation. We obtained the time variation of 
infrared spectra before and after the Centaur and the 
Shepherding Spacecraft (S-S/C) impacts. The exposure 
time of IR spectra was 40 seconds. 

 

 
Figure 1:  An image around the Cabeus crater by the 
imaging mode of IRCS just before the Centaur impact. 
The slit have 170 pixels [9.37”] × 4 pixels [0.27”], cor-
responding to 18.7 km length and 0.54 km width. 
 

Data analysis:  In order to reduce the influence of 
fluctuation in the atmospheric absorption, we divided 
the slit into 3 regions in the horizontal direction (i.e., 
bright, middle and dark regions, as shown in Fig. 1) 
and used spatially integrated IR spectra within each 
region to extract radiative flux from H2O emission lines, 
FH2O, in the middle region. The flux intensities from the 
bright, middle and dark regions in the slit (Ibright, Imid 
and Idark respectively) are expressed as follows; 

 
Ibright = ( Fmoon,bright + Fsky                      )×T×S + Idark 
Imid   = ( Fmoon,mid   + Fsky + FH2O + Fdust)×T×S + Idark 
Idark   = ( Fmoon,dark   + Fsky                      )×T×S + Idark 

 
where, Fmoon is scattered sun-light by moon surface, 
Fsky represents background sky flux due to emissions of 
atmospheric gas species, Fdust is the radiative flux from 
the impact ejecta, T is the atmospheric transmittance, S 
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is the sensitivity of the optics, and Idark is a dark current 
noise. In the bright region, the flux of scattered sun-
light by the moon surface is dominated in Ibright , but the 
radiative flux of sky is relatively strong in Idark. By 
solving these equations, we obtain the following equa-
tion, which exclude the terms accompanying fluctua-
tion in atmospheric absorption during the observation; 
 

! 

Imid " Idark

Ibright " Idark
=

FH2O

Fmoon,bright " Fmoon,dark
+ C (1)

C =
Fdust

Fmoon,bright " Fmoon,dark
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where C is a constant associated with the scattered sun-
light by the moon and the radiative flux from the ejecta. 
Thus, the emission of H2O hot bands would appear in 
the term of the ratio of FH2O to Fmoon in the eq. (1).  

Results & Discussion:  Figure 2 shows the time 
evolution of the ratio (FH2O / Fmoon + C) before and after 
the Centaur impact. And Figure 3 shows the time dif-
ferential between post-impact spectrum and pre-impact 
spectrum and between later spectra and earlier spectra 
after Centaur impact around 28618.3 Å . The arrows in 
Fig. 2 and Fig. 3 indicates the wavelength where inten-
se H2O hot band lines exist. We could not find the H2O 
emission lines in any spectra. The estimated upper limit 
of the H2O mass ejected over the height of the slit from 
the crater floor (~2.5 km) is ~40 kg by the 3σ of the 
noise around 28512.2 Å after absolute flux calibration.  

However the SPH calculation shows that the H2O 
mass ejected over the 2.5 km height is ~150 kg [4], 
when assuming the water content in the excavated lu-
nar soil is 1 wt %. The difference between our observa-
tion resuts and pre-mission SPH calculation results [4] 
would suggest three possible interpretations. The first 
interpretaion is the lack of water in the shallow regions 
in the PSA. However because the upper limit of the 
ejecta (~1000 kg) and H2O mass (~40 kg) obtained by 
Subaru leads to ~4 wt % of water content, four times 
the estimate for average abundance (~1 wt %) from LP 
observation [2]. Thus this interpretation of dry upper 
layer is not necessarily supported by our observation. 
The second interpretation is that ice grains excavated 
by the Centaur impact had a very large average size, 
slowing the rate of sublimation greatly. However this 
interpretation is inconsistent with the observation of the 
significant amount of water vapor observed by the S-
S/C, which can see the ejecta as low as about 1 km 
above the floor of Cabeus crater. The third interpreta-
tion is that the amount of high-speed ejecta reaching 
the height of the slit of the Subaru telescope was much 
smaller than the theoretical estimates. The IRCS imag-
ing observation results [7] also supports this interpreta-

tions. There are two possible mechanisms for this in-
terpretation. (1) The cut-off velocity exists between the 
ejection velocity reaching the height observable by the 
S-S/C and the ejection velocity reaching the height 
observable by the Subaru telescope. (2) The ejection 
angle of the Centaur impact was much smaller than that 
of standard impact cases (~45°). 

 

 
Figure 2:  Time series of the ratio of FH2O to Fmoon plus 
constat, associated with the scattered sun-light by the 
moon and the radiative flux from the ejecta, around 
28512.2 Å. The Centaur impact time is set to 0 second.  
 

 
Figure 3: The time differential between post-impact 
spectrum and pre-impact spectrum (purple broken line), 
and between later spectra and earlier spectra after Cen-
taur impact (red solid line, green broken line, and blue 
broken line) around 28618.3 Å . 
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