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Atomic Oxygen Generators for Surface Studies
in Low Earth Orbit

Masahito Tagawa,* Masakazu Tomita,t Masataka Umeno,J and Nobuo Ohmae§
Osaka University, Osaka 565, Japan

Two facilities for the generation of energetic atomic oxygen beams have been developed to investigate the
degradation of materials in low Earth orbit. An atomic oxygen generator using an ion beam method was used
mainly for studying the effect of kinetic energies on surface reactions. Another generator combined pulsed
supersonic valve and pulsed YAG laser systems for long-duration exposure experiments without maintenance.
The velocity of atomic oxygen was measured by a retarding energy analyzer and a plasma time-of-flight
analyzer. Increments of mass in silver films due to the formation of oxides show that the fluxes of atomic oxygen
exceed 1012 ~ 1013 atoms/cm2 s. X-ray photoelectron spectroscopy spectra of Ols on a single MoSi crystal
exposed to energetic atomic oxygen showed the existence of energy dependence of the surface reaction.

Introduction

M ATERIAL degradation in low Earth orbit (LEO) is one
of the most serious problems for large structures which

will operate in LEO for a long duration. To maintain the
function of mechanical, electronic, and thermal systems fac-
ing in the ram direction, an evaluation of systems damage
caused by the attack of atomic oxygen (AO) having 5 eV
kinetic energy (8 km/s) is necessary.1'7 In ground-based facili-
ties it is quite difficult both to produce a relative kinetic energy
of 5 eV and to exceed the flux of 1013 atoms/cm2 s in LEO at
the same time. Therefore, two alternative approaches should
be considered to evaluate the material degradation in LEO.
One approach is to estimate the quantitative degradation of
materials from the mechanism of the reaction. The type of
facility required to do this does not need an extremely large
flux such as those used for accelerated testing, but rather a
high-quality AO beam, i.e., kinetic energy of 5 eV. Analytical
results of exposed surfaces with surface-sensitive analyses de-
termine the reaction in LEO and predict the reaction effi-
ciency, degree of degradation, and damage to systems. An AO
generator which satisfies the technical properties described
earlier is based on the ion beam technique that can obtain
high-purity AO beams with the correct energy and a small full
width at half-maximum (FWHM). Both positive and negative
ion beams have been used for this kind of AO generator.
Electron attachment or the charge transfer technique are used
to neutralize the positive ion beam,8'9 whereas the photode-
tachment technique is applied to a negative beam.10"12 The
other approach works from the opposite standpoint of the ion
beam method, i.e., quantitative degradation of materials is
examined by accelerated testing without sufficient kinetic en-
ergy of AO. The data base constructed by this approach must
be equipped with sufficient safety factors when selecting mate-
rials for space application. Conventional plasma asher facili-
ties or rf/microwave plasma systems are used for this ap-
proach.13'18 However, these experiments will provide neither
engineering data on the reliability of the system nor on the
reaction efficiencies in LEO. This is because there is no evi-
dence that the reactions in LEO are accurately simulated in
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chambers on the ground. Therefore, it is necessary, when
evaluating the material degradation of materials in LEO, to
combine these two approaches or to make a brand new facility
which can realize all of these requirements. Such a new facility
was pioneered by Caledonia and Krech19 at Physical Science
Inc. (PSI). Using a pulsed valve and pulsed CO2 laser, they
obtained energies ranging from 2 — 13 eV and fluxes of ~ 1016

atoms/cm2 s (see Refs. 19-22). Cross and Cremers23 and Cross
et al.24 also developed an AO generator with a continuous
wave CO2 laser and a supersonic nozzle system. This generator
realized the energies of about — 2 eV and flux of 1016 atoms/
cm2 s. These facilities are categorized in laser-induced break-
down methods and appear to satisfy, in part, the requirements
discussed here.

In this research, two AO generators, based on an ion-beam
method and a laser-induced breakdown, were developed. The
ion-beam-type AO generator was especially designed for ob-
taining a well-defined, pure AO beam with a small FWHM of
the beam energy. The laser-breakdown-type AO generator
combined a pulsed supersonic valve and a YAG laser. The
basic configuration of the facility was similar to PSI's, how-
ever, an optical detonation wave was not utilized for accelerat-
ing the AO. Thus, the laser-breakdown AO generator devel-
oped in this study is located in an intermediate position
between the two laser-induced-breakdown AO generators de-
scribed earlier. Diagnostics of the AO beam generated with
these facilities, as well as surface reactions with AO, were
studied.

Atomic Oxygen Generators
lon-Beam-Type Atomic Oxygen Generator

Figure 1 schematically presents the ion-beam AO generator
developed in this study. A Penning ionization gauge (PIG) ion
source, which has been known as an electron impact ioniza-
tion source, was chosen as an oxygen plasma producer. The
reason for choosing this type of ionization source is that an
ion beam which has a small FWHM of a beam energy is
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Fig. 1 Schematic drawing of the ion-beam-type atomic oxygen gen-
erator.
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obtained, although the lifetime of its W filament is not long
enough in the oxygen plasma. To compensate for this short-
coming, multiple W filaments were placed in the ion source.
The exchange of W filaments was managed by switching the
terminal without causing the vacuum to leak. The PIG ion
source was operated at a typical discharge voltage of 60 V with
an oxygen pressure of 10~3 Torr. A discharge current of more
than 700 mA was obtained under these experimental condi-
tions. To avoid inflow of the oxygen gas downstream of the
facility, the ion source chamber is evacuated by an indepen-
dent vacuum pumping system with a sufficient pumping
speed. Oxygen ions generated in oxygen plasma are extracted
with the single hole extraction system, the hole diameter being
1 mm. The divergence of the oxygen beam is about 7 deg, and
the beam was focused by the condenser lenses located next to
the extraction electrode. The condenser lens consists of three
electrodes whose diameter is 40 mm. Voltages of the first and
the third electrodes are - 900 V, which is the same voltage as
the extraction voltage, and that of the second electrode is
typically kept at -270 V. Impurity ions contained in the
oxygen beam are eliminated with a mass filter. A high trans-
mittance and small size are required for the mass filter used in
this facility, rather than a high resolution of mass/charge
ratio. Thus, a Wien filter 6 cm in length was inserted in the
beam line. Magnetic shields with permalloy were attached to
both sides of the filter to minimize the influence of leakage of
the magnetic field from the Wien filter. The Wien filter also
has a role as a bandpass velocity filter. This contributes to the
realization of the oxygen ion beam with a small FWHM.
Thus, the pure O^ beam enters the deceleration lens consisting
of 13 electrodes. This type of decelerator is called a chemical
accelerator,25 and the voltage of each electrode is determined
experimentally. The neutralization of oxygen ions was carried
out using the decomposition-recombination reaction of oxy-
gen ions under the effect of electrons. The high reaction rate
of this combination is known by the chemical reaction

o+ o; => 20 (1)

In accordance with this reaction, the discharge condition of
oxygen at the PIG ion source has been determined experimen-
tally to produce as many O^ ions as possible. Residual oxygen
ions remaining after neutralization were eliminated by an ion
deflector placed in front of the samples. Samples were
mounted on the sample holder which can be rotated along the
beam axis. A Faraday cup and viewing hole were equipped on
the holder to measure the beam current and to keep the axis of
the facility straight. The length of the facility is about 1.5 m.
The chamber is evacuated with a differential pumping system
consisting of three oil diffusion pumps and one turbo molecu-
lar pump. The vacuum level is maintained on the order of 10~7

Torr in the beam line, and 10~8 Torr in the reaction chamber
under operational conditions.
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Fig. 2 Schematic drawing of the atomic oxygen generator based on
laser-induced breakdown of oxygen.

Laser-Breakdown-Type Atomic Oxygen Generator
Figure 2 schematically presents the laser-breakdown-type

AO generator developed in this study. A pulsed supersonic
valve (PSV) is attached to the bottom of the vacuum chamber
(300 x 300 x 700 mm) which is evacuated by a turbo molecu-
lar pump with a pumping speed of 340 1/s. The ultimate
vacuum pressure of this chamber is 10~9 Torr, however, the
vacuum falls instantly to 10~4 Torr when oxygen gas is intro-
duced at 0.2 Hz. Oxygen gas is introduced to the nozzle throat
through the PSV. The plenum pressure of the PSV is kept at
12 atm. A YAG laser is flashed from the backside of the
nozzle through a quartz window. This configuration allows a
large effective exposure area for the sample, since there is no
need to locate a laser aperture on a sample stage as there is in
the PSI system. Moreover, a high-magnification IR lens with
a short focal length generates laser-induced breakdown even
with use of a relatively low-power laser (25 mJ/pulse). The
plasma front generated by the laser breakdown moves oppo-
site to the samples at a velocity of the order of 100 km/s (see
Ref. 26). The AO generator developed at PSI utilizes this
plasma front and optical detonation waves, which moved in
the sample direction, for decomposition and acceleration of
the oxygen molecules and atoms. However, the moving direc-
tion of the plasma front and the strong detonation waves in
this facility are opposite to the samples because of the direc-
tion of laser irradiation. This configuration allows us to avoid
the unexpected effects of strong shock waves on the samples.
Since laser flash time is quite short compared with the PSV
operation time, a lot of surplus oxygen gas exists around the
breakdown point. This means that fast AO generated in the
plasma collides with surplus oxygen molecules, mainly at the
forward region of the nozzle. As a result, AO recombines to
molecular oxygen (MO). To avoid this recombination, the
almost-surplus oxygen gas introduced before the laser flash
should be exhausted through the bypass line. The focal point
of the laser in the cross section of gas flow is also important
for obtaining an AO beam with the correct energy. The focal
point was set at a periphery of the flow where the following
conditions are satisfied: 1) a sufficient amount of MO exists at
the focal point, and 2) accumulated MO exists between the
focal point and the edge of the flow. The former condition
relates to the condition of the lower boundary of oxygen
pressure at which laser-induced breakdown could ocuur. The
latter condition is due to the deceleration of the AO velocity
from 30 to 5 eV. The velocity of the beam strongly depends on
the focal point of the laser. A precise adjustment of the
collimation of the laser beam and of the laser flash timing are
thus necessary. A dimension of the whole system including
vacuum pumps is within I x l x l m, so that it is easy to
combine the other facility to make in-situ studies of the degra-
dation of materials.

Diagnostic of the Beam
Velocity of the Beam

One of the most important parameters accounting for the
reaction with AO in LEO is its kinetic energy. The kinetic
energy of an AO beam generated by the ion-beam-type AO
generator depends on a potential difference between the
plasma in the ionizer and the plasma in the neutralizer. It is
known that the plasma potential of the PIG ionizer is corre-
lated with the anode potential of the ion source. Therefore, to
estimate the energy distribution of the atomic oxygen beam,
the kinetic energy of the oxygen ion beam and space potential
in the neutralizer must be measured. The total energy distribu-
tion (TED) of oxygen ions obtained in this facility was mea-
sured by using a modified van Oostrom energy analyzer.27

This energy analyzer is a type of retarding potential analyzer,
so that a differentiation procedure is required to obtain the
TED spectra. An image processing system was used for differ-
entiating the spectra digitally. The TEDs of oxygen ions thus
obtained are indicated in Fig. 3. It is clear from Fig. 3 that the
peak energy of the oxygen ion beam is almost the same as the
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Fig. 3 Total energy distribution of oxygen ions measured by the
modified van Oostrom energy analyzer.
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Fig. 4 Linear relation between the anode voltages in the PIG ion
source and beam energies.

anode potential. The peak energies are replotted in Fig. 4
against the anode potential. From this relationship the beam
energy can easily be adjusted by changing the anode potential
of the ion source. The FWHM of the spectrum was only 1.1
eV at the kinetic energy of 5 eV. This value is the smallest in
the AO generators attained until now; FWHMs of 15, 3.5> and
4.2 eV were reported in previous papers.28"30 The FWHM of
AO in LEO is considered to be 2 eV,31 so that the FWHM
value seems to be small enough to study an energy dependence
of the reaction with AO in LEO.

The energy distributions measured in Fig. 3 were not for AO
but for oxygen ions before they neutralized. There is a possi-
bility that the beam energy will be changed by the neutraliza-
tion. However, in the case of neutralization by means of
electron attachment, momentum transfer in the reaction is
negligibly small compared to a charge transfer reaction with
H2O molecules. Therefore, the influence of neutralization on
the velocity of the AO beam will not be large. In contrast,
since this reaction is exothermionic, the internal energy of AO
generated by this reaction may become high. Specifically, AO
in metastable states can be generated. The content of metasta-
bles in the beam has not been studied yet. However, the
measurement of metastables will be needed to discuss the
surface reaction of the beam generated in this apparatus.

The TED spectra indicated in Fig. 3 were measured with
respect to a ground potential. The kinetic energy of AO will be
shifted by the voltage difference between a space potential in

the neutralizer and the ground potential, because after the
neutralization the electric potentials do not work on neutral
species. This is the reason why the space potential in the
neutralizer must be measured precisely. Space potential as well
as electron density in the neutralizer were measured by means
of the Langmuir probe method. The neutralizer consists of a
tungsten filament, inner mesh electrode, and outer electrode.
The electrons emitted from the filament were accelerated by
the potential difference between the filament and the inner
mesh electrode, and stored on the axis. Potentials both at the
outer electrode and at the filament of the neutralizer are
adjustable, whereas the inner electrode is held at a ground
potential to keep the space potential in the axis close to the
ground potential. It becomes clear that the space potential in
the neutralizer exceeds - 20 V when the voltages applied to the
outer electrode and the filament become negatively high.
However, the electron density does not increase in this case.
The efficiency of neutralization becomes high with increasing
the electron density. The filament and the outer electrode
voltages were set at -10 and -4.5 V, respectively, so as to
give a low space potential (- 5 V) with high electron density
(1013/m3).

It is usually difficult to measure the velocity of neutral
species. A new technique for measuring the velocity of a
pulsed AO beam generated by the laser-breakdown-type ap-
paratus was also designed. The measuring technique is based
on the glow of discharged gases and was therefore named as
the plasma time-of-flight (TOF) measurement. The essentials
of plasma TOF are shown in Fig. 5. A high-voltage wire was
located in front of the nozzle as shown in Fig. 5. High voltage,
up to 2 kV, was typically applied to the wire. Only when a
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Fig. 5 Schematics of the plasma time of flight (TOF) measurement.
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pulsed AO beam came to the wire glow discharge occurred
around the wire. Ions and electrons thus generated in the glow
discharge were detected by the Langmuir probe located near
the high-voltage wire. By moving this equipment along the
beam axis, discharge phenomena at all locations were re-
corded by a digital storage oscilloscope. Since the conditions
of glow discharge are strongly dependent on the gas pressure,
the time difference was detected when the same condition of
discharge occurs in each position of the equipment. From the
time difference of the discharge and the distance between the
positions of this equipment, one can calculate the velocity
of AO.

Figure 6 indicates the time-of-flight diagrams of a fast AO
beam obtained in this apparatus. In Fig. 6, (a) and (b) corre-
spond to the diagrams recorded at 15 and 25 mm downstream,
measured from the end of the nozzle. In (a), only one peak is
visible. However, one can find two peaks in (b). The small
peak in (b) is due to a fast AO beam accelerated by laser
breakdown, and the large peak is produced by the nonacceler-
ated AO. It is difficult to distinguish two peaks in the case of
(a). The velocities of accelerated and nonaccelerated AO and
MO were measured by the time differences in the threshold
and the time differences in the main peaks of (a) and (b). The
time differences between the threshold and the main peaks in
the diagram, i.e., Ats and Afp, are 0.87 and 3.5 jus, and these
correspond to 11.6 km/s (10 eV) and 2.9 km/s (0.6 eV),
respectively. The results in Fig. 6 suggest that the velocity of
the AO beam distributes from 2.9 to — 11.6 km/s, i.e., from
0.6 to — 10 eV, in these experimental conditions. The velocity
of the beam is varied by changing the laser-flash timing.
Figure 7 indicates the relationship between the delay time of
the laser flash and the energy of AO calculated from Af5. This
figure shows that the velocity of the AO beam is adjustable
from 0.6 to 20 km/s by changing the laser-flash timing.
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Fig. 7 Relation between the delay time of the laser flash and kinetic
energies of atomic oxygen beam.
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Table 1 Comparison of the results in the XPS analyses with
various kinetic energies of atomic oxygen beam generated
by the ion-beam method and the laser-breakdown method

Exposed

Unexposed 2 eV 5eV 50 eV Pulsed laser
Mo
S
0
S/Mo
0/Mo

26-31
69-74

0
2.2-2.8

0

31
48
21
1.6
0.7

29
54
17
1.8
0.6

36
56
8

1.5
0.2

45
29
26
0.7
0.6

Fluxes of the Atomic Oxygen Beam
Direct measurement of flux of the AO was performed by

using a quartz crystal microbalance (QCM) with silver elec-
trodes proposed by Matijasevic et al.32 This method is based
on the different reactivity of silver with MO and AO, i.e.,
silver is not oxidized by MO but is oxidized by AO. The mass
increase due to the oxidation of silver by AO is detected with
the QCM. The QCM used in this study was a standard AT cut,
5 MHz Sloan crystal. The QCM was attached to the rotatable
sample holder on the beam axis. Stability of the resonance
frequency of the QCM was confirmed during an aging treat-
ment over several hours. The frequency was measured at every
10 s. After exposure, the silver surface was analyzed by X-ray
photoelectron spectroscopy (XPS) to identify the concentra-
tion of Ag and O. XPS measurements did not indicate notable
contaminations. Change in the mass Am due to oxidation was
calculated from the frequency shift of the QCM by the rela-
tion of

(2)

where /0 is the initial resonance frequency, p the density of
quartz, A the frequency constant, and A/ the shift in the
resonant frequency. Changes in the mass of silver films during
exposure were plotted in Fig. 8. The solid and broken lines
indicate mass increments of silver films by using an ion-beam-
type and a laser-breakdown-type AO generator, respectively.
In the case of the AO beam obtained by the ion-beam-type AO
generator, the entire system of the generator was operative, at
first, except for potential of one electrode of the decelerator,
and consequently oxygen ions could not reach the neutralizer.
Under this experimental condition, the frequency of the QCM
stabilized to a certain value (region I of Fig. 8). After the
application of the correct potential to the electrode, an incre-
ment of increased mass was observed. Initially, the mass in-
creased linearly with the exposure (region II), and after a
certain exposure time it increased with a square root of the
exposure (region III). This phenomenon is widely known as
the linear-parabolic law of oxidation.33 The initial linear be-
havior was governed by the sticking or the reaction of AO on
the silver film, and the latter behavior by the diffusion process
of either AO or silver atoms in the oxide film. From the slope
of the initial linear mass increase in region II, a lower bound
of the AO flux could be estimated, assuming that the sticking
coefficient of AO on silver surface is unity. The lower bound
for the flux of 5 eV of AO generated in this generator was
calculated to be about 1 x 1013 atom/cm2 s, which corre-
sponds to the flux of AO in LEO at an altitude of 500 km.

In contrast, in the laser-breakdown-type AO generator case
(broken line in Fig. 8), the flux of AO was calculated to be
1.7 x 1012 atoms/cm2 s. This value is one-tenth of that in
LEO, and much smaller than that obtained by the other AO
generators reported in Refs. 19-24. However, the present ex-
perimental work was done at an operating frequency of 0.2
Hz, and this problem will be solved by simply increasing the
laser repetition rate and the pumping speed of the chamber.

Reaction of MoS2 with Energetic Atomic Oxygen
Molybdenum disulfide (MoS2) is one of the most important

materials for space tribology.34 Since surface properties play a
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major role in tribology, it has been assumed that the AO has
serious influences on the tribological properties of MoS2.
However, the change in properties of MoS2 due to its exposure
to energetic AO has remained unclear. Therefore, an AO
beam with kinetic energies of 2, 5, and 50 eV was exposed to
the (0001) surface of a single crystal of MoS2. Single crystals
of MoS2 were also exposed to a 5 eV AO beam generated by a
laser-breakdown-type AO generator. Fluence for each sample
is 3.5 x 1017 atoms/cm2, which corresponds to 9 h of exposure
in LEO at 500 km. Experiments were carried out at room
temperature. After exposure the surfaces were analyzed by
XPS (Perkin Elmer ESCA-5000LS spectrometer). The results
obtained by the XPS analyses are summarized in Table 1.
Since the (0001) MoS2 surface is chemically inactive, adsorbed
oxygen cannot be detected before exposure. However, the
existence of oxygen at the surface is detected after exposure at
all energy ranges. Moreover, it is clearly observed that the
higher the kinetic energy, the lower the atomic concentration
of oxygen becomes. This suggests that the behavior of AO at
the surface is kinetic energy dependent. The reasons for this
phenomenon are considered to be the following: 1) The stick-
ing coefficient of AO on MoS2 depends on its kinetic energy.
Namely, the higher the kinetic energy is, the lower the sticking
coefficient becomes. 2) Sputtering of SOx and/or O atoms
occurs at the surface of MoS2 when the kinetic energy of AO
becomes higher. Both of these reasons are believed to con-
tribute to the results. The S/Mo ratios listed in Table 1 are
nearly constant (1.5-1.8) after the exposures, although they
are reduced compared to the ratio before exposure (2.2-2.8),
which indicates that the reaction of gasification of sulfur as
SOx occurs at every kinetic energy level. This result was also
identified by the quadrupole mass analyzer equipped at the
reaction chamber. Namely, enhanced peaks of m/e = 48 and
64, corresponding to SO and SO2, were detected during
exposure.35

The oxygen concentration of the MoS2 surface exposed to
the AO beam generated by the laser-breakdown-type AO gen-
erator (26%) is higher than that generated by the 2 eV AO
beam generated by the ion beam apparatus (21%) as shown in
Table 1. This fact implies that the formation of reaction
products on the MoS2 surface was induced mainly by the AO
with energies lower than 2 eV, even in the case where the laser
breakdown apparatus was used. This result agrees with the
velocity distribution of the AO beam obtained from Fig. 5,
i.e., the AO beam generated by this facility involves a great
amount of low energetic AO and MO. The high concentration
of oxygen at the surface suggests that there are no influences
of the high-energy particles or shock waves which may be
generated in a laser-induced breakdown. One of the most
significant points of the results obtained in this facility is the
low surface concentration of sulfur (26%) and low S/Mo ratio
(0.7). The normalized oxygen concentration obtained in this
facility (O/Mo ratio) shows almost the same value (0.6) as
those of 2 or 5 eV AO beams generated by the ion-beam-type
AO generator. The sputtering effect for Mo is less significant
than it is for S, and Mo does not show gasification after
oxidation. Thus, this result is interpreted that the absolute
amount of oxygen atoms on the MoS2 surface exposed to AO
by the laser-breakdown AO generator is almost same as it is in
the 2 or 5 eV cases. The small S/Mo value of this work,
therefore, results from the decrease in the amount of sulfur. It
was found that SOx was formed when AO attacked the MoS2
surface as mentioned earlier. Gasification of SOx leads to the
loss of sulfur content at the surface. The fact that a large
amount of sulfur reacted at the surface in the case of this
facility, even at the same fluences of AO, indicates that the
AO generated by the laser-breakdown-type AO generator has
a higher reaction efficiency compared with that achieved by
ion-beam method.

Figure 9 shows Ols peaks obtained from the samples ex-
posed to 2, 5, and 50 eV AO beams obtained by the ion-beam-
type facility and one 5 eV AO beam generated by the laser-
breakdown-type facility. The peak height of each spectrum is
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Fig. 9 Ols XPS spectra of the (0001) MoSi surfaces before and after
exposures to 2, 5, and 50 eV atomic oxygen beams generated by the
ion-beam-type and laser-breakdown-type AO generators.

normalized. Each spectrum provides a 533.0 eV oxygen peak
due to the exposure of AO. This peak is characteristic of SOx,
and it is clear that the oxygen at the surface of the MoS2 exists
as a complex with sulfur. By comparing the three spectra in
Fig. 9, i.e., the 2, 5, and 50 eV AO generated by ion-beam-
type AO generator, one finds that the spectrum has a tail in
the high-binding energy area in the case of MoS2 exposed to 2
eV AO. This implies that a different binding state exists in the
case of AO with a kinetic energy of 2 eV. The origin of the tail
near 536 ~ 538 eV is unknown. However, this preliminary re-
sults strongly suggest that there is an appropriate energy range
for the certain reaction of AO to MoS2. The same sulfur
oxides were formed in the case of 5 and 50 eV beams of the
ion-beam method. As for the sample exposed to AO generated
by the laser-breakdown-type facility, in spite of the existence
of low-energy AO ( < 2 eV) and MO, it was confirmed that the
same sulfur oxides which were formed by the ion-beam
method with 5 eV were formed. Molybdenum oxide, which
should appear at around 529 eV was not detected in the three
samples exposed to AO by the ion-beam facility, so it is
assumed that the preferential oxidation of sulfur occurs on
(0001) MoS2 surface by AO. However, the shoulder appearing
at 531 eV which can be seen only at the laser-breakdown-type
facility is due to molybdenum oxides. The formation of
molybdenum oxides also was confirmed for this sample at the
Mo 3d XPS spectrum. Thus, it became clear that molybdenum
oxides were formed only in the case of the laser-breakdown-
type facility. The reaction of AO to single-crystal MoS2 was
reported by Cross et al.36 and by Arita et al.37 Cross reported
that 45% and 15% of the near-surface Mo atoms were con-
verted into MoO3 and MoO2, respectively. In contrast, Arita
et al.37 analyzed AO-exposed samples exposed to AO at PSI.
They concluded that Mo atoms on the basal planes of single-
crystal MoS2 were hardly oxidized by AO, whereas those of
sputtered MoS2 were easily oxidized. This difference may not
be due to the differences in the translational energies of the
AO beams generated by these facilities, i.e., AO with lower
translational energy shows higher reactivity. In fact, reactivi-
ties of AO generated by the AO generators developed in this
study seem to be different even at the same kinetic energy.
Therefore, there is a possibility that the differences of these
Ols XPS spectra indicated in Fig. 9 are due to either the
existence of undecomposed MO or to the differences of elec-
tronic states of AO. However, an identification of AO states
generated by these two facilities has not been carried out yet,
and further diagnostics are also necessary.

Conclusions
Two facilities for the generation of energetic AO beams

were developed to investigate the degradation of materials in
LEO. One facility is based on an ion-beam technique and the
other on a laser breakdown of oxygen gas. Kinetic energy of
the AO beam obtained by the ion-beam-type facility can be
varied over a wide range, and its FWHM is about 1.1 eV. The
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kinetic energy of the AO beam obtained by the laser-break-
down-type facility was measured by a plasma TOP system that
was specially developed for this research, and the results indi-
cated that the velocity of the AO beam ranged from 0.6 to 10
eV. The increments of mass in silver films due to the forma-
tion of oxides shows that the AO were generated and that the
flux exceeded 1012 ~ 1013 atoms/cm2 s, which nearly corre-
sponds to that found in LEO at 500 km. XPS spectra indicate
that oxygen with different binding states exists in the case of
AO exposure at 2 eV, with almost the same SOx peak found at
both 5 and 50 eV. Sulfur oxides formed on the (0001) MoS2
surface by the laser-breakdown-type AO generator show re-
semblance to those obtained by a 5-eV AO beam generated by
the ion-beam-type facility.
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