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Computer Simulation and its Experimental Verification
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Feasibility of atomic oxygen concentration in low Earth orbit space environment for material testing was studied.
To maximize the concentration efficiency, trajectories of the atomic oxygen reflected at the reflector surface were
computer-simulated based on the Hard-Cube model, which can deal with inelastic scattering events at the solid
surface. The difference in incident and exit angles was predicted to be at most 5 deg depending on the incident angle.
The computational results were compared with the experimental results using a 5 eV hyperthermal atomic oxygen
beam. A good correlation between the numerical and experimental results was identified. It was experimentally
demonstrated that the atomic oxygen flux could be increased six times greater than its original value with three

reflective mirrors.
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1. Introduction

NE of the problems in material testing in flight experiments is a

low degree of freedom-of-exposure conditions. For example,
because atomic oxygen (AO) flux in a flight experiment is constant, a
multiple fluence exposure testing can only be achieved by changing
exposure time. If AO flux at a sample surface in low Earth orbit
(LEO) can be adjusted, it may reduce cost and time for a material
testing in LEO and provide wider knowledge of materials’ response
in space environment. Moreover, an acceleration test capability in
LEO would be realized, if AO flux can be increased in LEO. Such an
acceleration test capability would be valuable to verify the
survivability of materials in space environment especially for AO-
resistant materials that require greater AO fluences to examine the
effect of atomic oxygen exposure. Moreover, high-AO flux reduces
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exposure time in LEO and may eliminate contamination problems in
material tests. Therefore, use of high-efficiency AO concentrators
will be useful to increase the degree of freedom in material tests
conducted in LEO. However, AO in LEO is a noncharged species
such that any electromagnetic optics, which are widely applied to
focus ions and electrons, cannot be applied to focus AO. The only
practical method to change trajectories of noncharged particles is
using reflective solid surfaces. Such an AO-focusing device has
already been evaluated by STS-85 in 1997 (see Sec. II for detail).
Three parabolic horns with three different sizes have been tested to
collect AO for acceleration testing of materials. However, it has been
reported that the concentration factors were lower than the
expectation [1].

In this paper, an attempt to develop a high-efficiency AO
concentration device is reported. Basic properties of AO reflection at
the solid surface were investigated to develop AO concentrators.
Some key points to achieve high-efficiency in atomic oxygen
concentration will be addressed based on the computational results.
The computational results were experimentally verified with the
hyperthermal AO beam facility at Kobe University [2—4].

II. Atomic Oxygen Focusing Device Aboard STS-85

The specimens in concentrators, which were conceived to increase
the AO flux on the specimens by aluminum parabolic horns, have
been flown as a part of the Effects of Space Environment on Materials
Experiment (ESEM) program, which was onboard STS-85 [1]. The
AO concentrators were expected to have x4, x9, and x16
accelerations (see Fig. 1). STS-85 was launched at 1041 hrs EDT on
7 August 1997. The ESEM pallet faced the ram direction for a total of
77.00 h, 52.48 h while at an altitude of 287-296 km, and 24.52 h
while at an altitude of 256 km. The orbiter touched down at 0708 hrs
EDT on 19 August 1997. AO fluence was estimated from the mass
change of Kapton witness sample. By assuming the erosion rate of
Kapton to be 3.0 x 1072 cm?/atom, AO fluence during the flight
was estimated to be 8.6 x 10" atoms/cm?. In contrast, a detailed
computer model predicted the total fluence of AO during the mission
to be 1.0 x 10%° atoms/cm?.

After retrieval, a laser profilometry was used to measure the
recession of specimens flown in the AO concentrators. Table 1 is a
summary of the data for the average thickness changes of Kapton
specimens placed under the focusing concentrators during the
ESEM experiment flight. From the mass loss data of the Kapton
witness sample, the recession of 2.6 um is expected on the x1 Kapton
specimen. As is shown in Table 1, the reaction rates are increased
over ambient rates, but the erosion depths do not correlate with
acceleration factors at x9 and x16. It was estimated that the pressure
buildup in each focusing concentrator provides an opportunity for
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[1].

Table 1 Recession of the polyimide films exposed to AO under focusing
devices flown in ESEM experiment aboard STS-85 [1]

Acceleration factors

Focusing devices x1 x4 X9 x16
Erosion depth of Kapton, um 2.6 9 18 15

recombination of AO to O, molecule which reduces the reactivity
of AO.

III. Computer Simulation Based on Hard-Cube Model

Unlike light scattering, atoms and molecules lose their trans-
lational energies in the scattering event at the reflector surface and
usually do not exit in the specular direction. To maximize the
concentration efficiency of AO, the prediction of average exit angle
of the reflected AO is essential. For this purpose, computer
simulation of the scattering event of AO at the reflector surface was
performed using the Hard-Cube model [5]. The Hard-Cube model is
one of the primitive methods to simulate a scattering event at solid
surface. It assumes elastic collision of hard-atom (ball) and hard-
surface moiety (cube) that vibrates in the direction of surface normal.
The principle of the Hard-Cube model is shown in Fig. 2. In this
model, the following assumptions are used: 1) gas atoms and solid
surface collide instantaneously and elastically, 2) collisions do not
affect the tangential component of the velocity of the gas atoms,
3) cubes independently move each other, 4) a gas atom leaves the
solid surface after a single collision, and 5) cubes thermally vibrate
only in the direction of surface normal. The model is able to predict
the average scattering angle of the scattered gas atoms. The average
exit angle 6, of AO is expressed in the following formula:

S 1—n n kT 1
= ! - . 1
0, = cot |:(1 +M+ T+ 1 E, cos29i) cotQ,] (1)

where 6; is the incident angle, E; is the incident energy, k is the
Boltzmann constant, 7 is the surface temperature, and p is the ratio of
the mass of incident atom and surface moiety m,/m;. The only
unknown variable in Fig. 2 is the effective surface mass m;. In this
study, m, was determined by the comparison with the experimental
data of hyperthermal F atom scattering at Si (001) surface reported by
Minton et al. [6]. In the time-of-flight (TOF) spectra of the scattered
atom, two components are often obvious, i.e., thermal desorption
(TD) and inelastic (IS) components. Minton et al. divided IS com-
ponents into two energy ranges, i.e., low-energy (0.4-2.1 eV) and

Fig. 2 Principle of the Hard-Cube model.
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Fig. 3 F atom scattering data reported by Minton et al. [6].

high-energy (2.1-5.6 eV) components. Figure 3 shows the angular
dependence of these three components with the incident angle of
60 deg reported by Minton et al. For the AO concentrator for
material degradation studies, translational energy of impinging
AO should be conserved after the reflection. Therefore, the effec-
tive surface mass in this study was chosen to maximize the flux
of high-energy component. From Fig. 3, it is obvious that the
high-energy IS component shows the peak at the exit angle of 64 deg,
not the specular direction of 60 deg. Figure 4 shows the computer-
simulated results of the average exit angle of the scattered F atom
that collides with the target surface with incident angle of 60 deg
as a function of effective surface mass. It was calculated that the
average exit angle of 64 deg is obtainable with the effective sur-
face mass of 200 amu. In the Hard-Cube model, the effective mass
is a parameter which represents the difference in actual scatter-
ing process including inelastic scattering. The greater effective
mass basically means that the process is closer to the elastic
scattering. The effective mass of 200 suggests that the scattering of
AO at Pyrex is rather elastic. This is probably related to the fact
hat Pyrex is a material with a very small recombination cross-section
of AO (inert to AO). Thus, effective surface mass was settled
in 200 amu in the following calculation, i = 0.08. Figure 5 shows
the difference between incident and exit angles of AO reflected at
the solid surface as a function of incident angle. The difference
between incident and exit angles depends on its incident angle. The
largest difference in exit and incident angles was calculated to be
5 deg at the incident angle of 42 deg. The computational results
shown in Fig. 5 were used to calculate the exit angle of scattered AO
in the trajectory calculations. Note that only the average scattering
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Fig. 4 Computational results of the average exit angles of AO reflected
at the solid surface as a function of surface effective mass.
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Fig. 5 Computational results of the difference in the incident and exit
angles of 5 eV AO as a function of the incident angle.

angle was calculated in this simulation and quantitative analysis
cannot be achieved theoretically.

IV. Experimental Details
A. Atomic Oxygen Beam Source

The AO beam source used in this study was a laser detonation AO
source. This type of AO source was originally developed by Physical
Sciences Incorporation (PSI) [7]. It uses laser-induced breakdown
phenomenon of oxygen gas. Principle of operation in the AO source
is described as follows. Pure oxygen gas is introduced into the nozzle
throat through a pulsed supersonic valve. A giant laser pulse of
carbon dioxide laser is focused to oxygen gas at the nozzle throat. By
absorbing laser energy, high-density and high-temperature oxygen
plasma is formed at the nozzle throat. Once plasma is formed, the
plasma propagates with absorbing the laser energy that is included in
the tail of the laser pulse. The plasma propagation is along with the
incident laser axis and oxygen molecules are decomposed and
accelerated at the shockfront of the plasma propagation. Thus, an
intense hyperthermal AO beam pulse is formed. The laser detonation
AO source is attached to the space environment simulation facility at
Kobe University. The AO beam is always monitored by the time-of-
flight (TOF) measurement system consisting in a quadrupole mass
spectrometer (QMS) and a multichannel scalar.

The flux of a5 eV AO beam was measured by an Ag-coated quartz
crystal microbalance (QCM) with an accommodation coefficient of
0.62 [3]. The principle of measurement is explained in following

section. Typical AO fluxes used in the following experiments were in
the range of 10'* atoms/cm?/s.

B. Detection of Reflected Atomic Oxygen by Ag-QCM

A flux of AO reflected at the reflector surface was also measured
using QCM with silver electrodes [8]. The resonant frequency of a
QCM decreases with time when AO oxidizes silver electrodes of
QCM. Since silver is not oxidized by O, but by AO at room
temperature, formation of silver oxide signifies atomic oxygen
reaction at the silver surface. A change in mass of the silver film was
recorded by measuring the resonance frequency of QCM with a
resolution of 0.1 Hz during atomic oxygen exposure. Frequency shift
of QCM is expressed in the formula

Af =—f}AW/NAp @

where N is the frequency constant, A is the electrode area, p is the
density of quartz, and f|, is the resonant frequency. Because N, A, p,
and f, are known factors, one can calculate the mass change AW of
the sensor crystal from the frequency shift Af of the QCM. It is
natural to consider that reaction yield of materials with AO depends
on its translational energy. Evidently, reaction yield of polyimide
depends strongly on the translational energy of AO. It has been
reported that the polyimide erosion by 1.1 eV AO is much lower than
that by 5.0 eV beam [9]. The translational energy of the reflected AO
may be decreased due to inelastic scattering and the reaction yield of
silver would also be affected. Since the effect of translational energy
on silver oxidation is unknown, the reaction yield of AO with silver
surface was assumed to be 1.0, instead of 0.62 for the 5 eV case.
Therefore, the calculated flux in this study was the lower bound of the
actual AO flux reflected (the concentration efficiency could be
underestimated).

V. Results and Discussion
A. Material of the Reflector

Reflection of atoms/molecules at solid surfaces has been
investigated as gas-surface scattering phenomena. It has been
recognized that AO would react with solid surfaces and form oxide,
recombine to molecular oxygen, or simply scatter when it scattered at
solid surfaces. Therefore, the material of the reflector surface, which
gave small cross-section of recombination of AO, should be selected.
Table 2 lists the recombination cross-section of AO at various solid
surfaces [10]. It is obvious that Pyrex gives the lowest recombination
cross-section of AO. In contrast, Au is known to be an AO-resistant
metal but has relatively large recombination cross-section. Thus,
these two materials were chosen as candidates for reflecting mirror
surfaces of AO concentrator and experimentally tested.

Pyrex and Au surfaces tested were optical mirrors with 7.62 cm in
diameter. These reflecting surfaces were placed at 46.5 cm
downstream from the nozzle. Incident and exit angles of AO were
settled at45 deg. Flux of AO reflected was measured by the Ag-QCM
detector located 10.0 cm from the reflector surface. Figure 6 indicates
the mass gain of QCM during the test. AO fluxes reflected by Au and
Pyrex surfaces were measured from the slope of the graph. It was
calculated that the AO fluxes reflected by Au and Pyrex surfaces were
1.13 x 10'*and 1.48 x 10" atoms/cm? /s, respectively. In contrast,

Table 2 Recombination cross-section of AO at solid surfaces [10]

Metals Oxides
Recombination Recombination
Material cross-section Material cross-section

Ag 2.4 x 107! CuO 43 %1072
Cu 1.7x 107! Mn, 05 1.3 x 1072
Fe 3.6 x 1072 Fe,0, 52x 1073
Ni 2.8 x 1072 CrO; 25x%x 1074
Au 5.2x1073 ZnO 4.4 %107
Mg 2.6 x 1073 Pyrex 3.1-4.5x 1073
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Fig. 6 Mass gain of the Ag-QCM due to oxidation by the AO reflected
by two flat reflectors: Au and Pyrex.
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Fig. 7 Mass gain of the Ag-QCM due to oxidation by the AO reflected
by two Pyrex reflectors: flat and concave.

AO flux at 56.5 cm away from the nozzle without the reflecting
mirror was measured to be 1.7 x 10'* atoms/cm?/s. By comparing
these values, the efficiency of reflection at Au and Pyrex surfaces was
evaluated to be 66.5 and 87.1%, respectively. It was identified from
these results that the recombination cross-section of the reflector
surface is important to maximize the efficiency of AO concentration.

B. Shape of the Reflector

A reflecting surface, which has curvature, may indicate higher
efficiency of concentration. To evaluate this effect, two Pyrex
reflectors were prepared: flat and concave mirrors. The concave
mirror used in this experiment was 15.24 cm in the radius of
curvature of the reflecting surface (7.62 cm in focal length).
Configuration of the experiment was the same as that described in a
preceding section; incident angle of 45 deg, exit angle of 45 deg, and
distance between the mirror surface and the Ag-QCM detector was
7.0 cm. Figure 7 indicates the frequency shift of the Ag-QCM during
AO exposure. AO flux reflected by the concave reflector was
3.18 x 10'* atoms/cm? /s, which is twice as large as that reflected by
the flat reflector 1.60 x 10'* atoms/cm?/s. It was thus concluded
that the use of a concave reflector is effective to concentrate AO.
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2 ﬁ\ / concave reflector
T A\

AO trajectories

Position-Y (cm)

34 36 38 40 42 44 46 48 50 52 54
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Fig. 8 Computational results of the trajectories of 5 eV AO reflected
at the Pyrex concave reflector.
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Fig. 9 Experimental results on the angular dependence of AO flux
reflected at the Pyrex concave reflector.

C. Verification of the Computational Results

The experiment described in the preceding section was carried out
without calculating actual focal point with the Hard-Cube model.
The AO flux measured may not be the maximum value at the actual
focal point. Thus, the focal point of AO reflected at the Pyrex
reflector in the experimental configuration was computer-simulated.
The trajectories of AO reflected at the Pyrex concave reflector are
shown in Fig. 8. It is observed that AO is focused near the position
x =44 cm, y = —6 cm even though aberration is fairly large. This
focal position corresponds to the average exit angle of 55 deg
(incident angle is 45 deg). This result indicates that AO was
concentrated at the exit angle 10 deg wider than the specular
direction. It was thus predicted that the AO flux measured in the
previous section was not the maximum flux concentrated. The
computational result was compared with those measured in an actual
experiment in the same configuration. Flux measurement of the
focused AO was carried out with the exit angle between 20-90 deg
by rotating the Ag-QCM detector. Detection of AO was made by Ag-
QCM with the mirror-detector distance of 8.0 cm. The results are
shown in Fig. 9. As is clearly seen in Fig. 9, the AO flux reflected
shows its peak at the exit angle between 45 and 60 deg. The Hard-
Cube model used in this study is known as a simple scattering model,
however, it is confirmed that the Hard-Cube model successfully
predicts the reflecting direction of AO with the concave reflector.

D. Effect of Multiple Reflectors

Three concave reflectors were used to demonstrate the capability
for increasing AO flux. The experimental setup is shown in Fig. 10.
Incident angle of AO for the upper and the center reflectors
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Fig. 10 The experimental configuration of the atomic oxygen
concentration with three Pyrex concave reflectors.

Table 3 AO fluxes concentrated by the three Pyrex concave reflectors
shown in Fig. 10.

Flux measured by Ag-QCM
(x10' atoms/cm?/s)

0 1.92
1 0.58-1.39
2 4.31-5.27
3 13.1

No. of reflectors

was 45 deg, whereas that for the lower reflector was 55 deg.
These reflectors were installed to point their exit directions
toward the Ag-QCM detector. The AO flux detected by the Ag-QCM
in this experimental setting is listed in Table 3. AO flux concentrated
with a single reflector is distributed between 0.58 and 1.39 x
10" atoms/cm? /s depending on their mirror-QCM distances (direct
flux without mirror at the same distance from nozzle was
1.92 x 10'* atoms/cm?/s). With three reflectors, the AO flux
reaches as high as 1.31 x 10" atoms/cm?/s, which is more than six
times greater than the original flux. Note that the AO flux detected
without reflector was subtracted as background, thus, the preceding
fluxes mentioned are the net AO fluxes reflected by the reflectors.
From the experiment demonstrated here, the capability for increase
AO flux by the reflector system was successfully demonstrated.

VI. Conclusions

Use of Pyrex reflectors to increase AO flux in LEO was proposed
in this study. The reflection efficiency of 5 eV AO at Pyrex surface
was measured to be as high as 87.1%. The focal point of AO reflected
was successfully predicted by the simple computer simulation based
on the Hard-Cube model. The computational results on the
trajectories of AO reflected at the Pyrex concave mirror were
compared to experimental results, and good correlation was
obtained. It was demonstrated that the AO flux at the focal point

increased one order of magnitude higher than the initial exposure
condition with three Pyrex reflectors. Even though the directionality
and energy distribution of the incoming AO may be partially lost by
the reflection, the AO concentrator would allow us to see early
previews of AO effects that would not be seen with low fluence AO
exposures.
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