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     Introduction: Based on the anlysis of returned 
lunar samples from the Apollo missions the moon had 
been assumed to be an anhydrous body. In fact, water 
observed on the surface of those samples was 
attributed to terrestrial atmospheric contamination 
during sample handling and analyses. However, recent 
remote measurements have reopened the possibility 
that water is, in fact, present on the moon. This 
conclusion  is based on the analysis of IR absorption 
spectra obtained by three different space instruments: 
the Visual and Infrared Mapping Spectrometer 
(Cassini) [1], the Moon Mineralogy Mapper 
(Chandrayaan-1) [2], and Deep Impact’s near infrared 
spectrometer [3]. 

These recent reports are surprising since there are 
many mechanisms that can remove water (sputtering, 
photodesorption, micrometeorite impact) but no clear 
mechanism to replenish the surface water. Based on 
the spatial distribution of the detected OH-H2O signal, 
the leading hypothesis is that water is formed by the 
interaction of the solar wind with silicates and other 
oxides in the lunar basalt. 

To investigate this idea we performed a series of 
laboratory simulations irradiating lunar analogs with 
low and high energy protons, then examined the results 
with infrared reflectance absorption spectroscopy 
(IRAS) for signs of the O-H absorption band.  
     Experiment:  A multi-pronged approach was taken 
to investigate the contribution of protons from the solar 
wind on the formation of water at the lunar surface. 
Our set of laboratory simulations focused on two 
different minerals, ilmenite and anorthite (with 
pyroxene inclusions). Ilmenite, an iron-titanium oxide 
(FeTiO3), and anorthite, a Ca rich plagioclase feldspar 
(CaAl2Si2O8), are both commonly found in lunar 
basalts and serve as reasonable analogs for the lunar 
regolith. Samples were prepared by cutting sections 
with a diamond saw, polishing with sandpaper and 
jeweler’s rouge, cleaning in aceteone, rinsing in 
denatured ethanol, and then baking at ~120ºC for 
several hours in either air or vacuum to remove 
intrinsic and surface water. 
     The first series of experiments were performed at 
ultra high vacuum (UHV ~10-9 Torr) in a chamber that 
allowed in situ surface characterization with X-ray 
photoelectron spectroscopy (XPS), 2 keV H2

+ 
irradiation using a low energy electron bombardment 
type ion source, and in situ IR absorbance 

spectroscopy using a Thermo Nicolet 670 FTIR and 
MCT detector. In addition, a charge neutralization 
source was used to provide electrons to the mineral 
surface during ion irradiation and XPS analysis and 
prevent surface charging.   

Samples were first characterized by XPS and 
IRAS, then irradiated to fluences 1017 – 1018 H2

+/cm2, 
and then reanalyzed with both XPS and IR. The XPS 
data showed a marked decrease in surface oxygen after 
ion bombardment, consistent with the oxygen loss 
typical of ion irradiation of oxides. 

Afterward, additional measurements were made. 
Specimens were removed from vacuum and reanalyzed 
using diffuse reflectance and attenuated total 
reflectance. These spectra were compared with those 
of identical polished, unirradiated, minerals. 

A second group of experiments were carried out on 
unpolished ilmenite in another UHV chamber. 
Secondary ion mass spectrometry (SIMS) was used to 
characterize the outermost layers of the surface, as well 
as clean the mineral of surface hydrocarbons. Spectra 
were collected of positive and negative ions, as well as 
neutral atoms and molecules. After baseline 
characterization was completed with 4 keV Ar+, the 
ilmenite was irradiated to > 1018 H+/cm2 using 2 keV 
H2

+, while monitoring the negative ion spectrum (OH- 
in particular) with SIMS. After irradiation, 4 keV Ar+ 
ions were used to depth profile by sputtering the 
outermost layers of the mineral.  

Finally, a third series of experiments were 
performed in another UHV chamber, which was set up 
to monitor ejected positive ions with a mass 
spectrometer (SIMS) and changes in infrared 
reflectance. This chamber is connected to a high 
energy ion implanter, which was used to irradiate the 
polished ilmenite with 100 keV H+. The advantage of 
using protons with energies greater than the solar wind 
is their increased penetration depth much better 
matched to the ~1 micron sampling depth of the IR 
spectrometer. Here, IRAS and SIMS data were taken 
before irradiation and after proton bombardment. This 
was done for a number of ion fluences, and could be 
monitored “on the fly” without disturbing the 
irradiation. After reaching > 1017 H+/cm2, a laser was 
used to locally heat an area on the sample, while the 
thermally ejected ions and neutrals were monitored 
with the mass spectrometer.  
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Results:

 
Figure 1: (A:B) Infrared absorption spectra of non-

irradiated and proton irradiated anorthite and ilmenite 
minerals. (C:D) Shows the corresponding ratioed spectra. 
The ratio of the unirradiated mineral describes the intrinsic 
signal fluctuations and has been included as a reference. 

 
Figure 1 (panels A & B) shows the infrared 

absorption spectra for polished anorthite and ilmenite 
samples before and after proton irradiation. The 
spectral region shown corresponds to the position of 
the fundamental υ(OH) vibration for H2O. Both non-
irradiated and irradiated samples exhibit an inherently 
weak H2O absorption band ~ 3400 cm-1. This is a 
result of residual H2O content within the mineral bulk 
and adsorption surface H2O that could not be removed 
by baking to ~120º C under HV. To distinguish the 
residual H2O signal from the proton generated one, we 
took the ratio of spectra for irradiated and non-
irradiated minerals. The resulting ratios (panels C & D) 
clearly show that there is no significant enhancement 
in the υ(OH) spectral region following irradiation, 
hence providing little supporting evidence for the 
formation of surface bound H2O or sub-surface H2O 
via H+ implantation into the mineral.  

To probe the effects of proton irradiation further, 
diffuse reflectance and attenuated total reflectance 
(ATR) experiments were performed on the irradiated 
polished anorthite and illmenite samples, with 
corresponding non-irradiated sample spectra recorded 
for comparison. However, in agreement with the 
specular data, ratios of spectra failed to show any 
enhancement in the υ(OH) spectral region in either 
sample. 

Infrared absorption, diffuse reflectance and ATR 
experiments performed on an ilmenite sample 
irradiated with higher proton energies (100 keV) also 
failed to provide evidence to support the formation of 
H2O via the detect of an υ(OH) signal. In this case, 
after IRAS studies were completed, the irradiated 
sample was subsequently irradiated using a pulsed 
excimer laser at 193 nm to eject implanted H2O formed 
by irradiation. The evolution of photo- and thermally 
ejected neutrals into the gas phase was monitored by 
mass spectrometry. Masses 56, 48 and 16 
corresponding to Fe, Ti and O were detected, but no 
significant signal at mass 17 (OH) or 18 (H2O). 

Conclusion: In summary, there is no evidence 
supporting the idea that solar wind protons impacting 
the lunar surface can combine with oxygen in the 
regolith to form significant amounts of water to 
explain the recent observations. We proposed instead 
the source of water to be external, perhaps by the 
continuous impact of microcomets.  
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