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Assessment of Atomic-Oxygen Flux in Low-Earth-Orbit
Ground Simulation Facilities
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A common method for assessing the atomic-oxygen flux in low-Earth-orbit (LEO) ground simulation facilities
is measuring the mass loss of attached Kapton coupon and assuming a known erosion yield of 3 x 10~24 cm3/0
atom. However, in most ground simulation facilities additional components, for example, UV radiation, excited
and ionized oxygen atoms and molecules or reactive volatile products of degraded samples might be involved
in Kapton-atomic-oxygen interaction. The present work demonstrates the effect of simultaneous atomic oxygen
and other reactive species irradiation on the Kapton etching rate. The Kapton mass loss was measured in situ
using quartz crystal microbalance. The etching rate was assessed as a function of atomic oxygen and either VUV
radiation, sample temperature, or reactive volatile products. Kapton reactivity was found to be dependent on the
examined system parameters resulting in ambiguous determination of the atomic-oxygen flux. The validity of the
use of Kapton as a reference material for ground simulation testing (of spacecraft candidate materials for LEO
applications) should be critically reassessed in the context of the present findings.

Introduction

HE space environment of low Earth orbit (LEO), at altitudes

ranging from 200 to 700 km, is considered hazardous to materi-
als and especially polymers. The main constituent of the space envi-
ronmental hazards affecting polymers’ properties is atomic oxygen
(AO) having an impact energy of 5eV because of the spacecraft high
velocity. The interaction of AO with the outer surfaces of a space-
craft can result in materials degradation affecting their chemical,
electrical, thermal, optical, or mechanical properties.!~* The high
cost and very limited availability of the in-flight experiments as well
as the demands for accelerated tests simulating long-duration mis-
sions result in development of ground simulation systems to study
the space environment. A variety of ground simulation facilities is
used for studying materials degradation under AO attack including
rf and dc plasma sources and ion neutralization, electron stimula-
tion desorption, photodissociation, supersonic, and laser detonation
sources.”® Although the main purpose of these sources is generat-
ing AO flux, the produced AO could be associated with one or more
of other source components such as UV radiation, ions, electrons,
excited species, as well as varying the sample temperature. All of
these sources share also a common problem of how to assess the
LEO 5-eV equivalent AO flux. A common and recommended’ way
of evaluating the AO flux is by measuring the mass loss of Kapton
coupon exposed simultaneously with the tested samples. By as-
suming a reaction yield of 3 x 1072 ¢m?/O atom (as measured for
Kapton exposed in space), an equivalent of the 5-eV AO flux could
be calculated. However, the Kapton erosion rate could be affected
by other simulation facility factors such as one of the associated
components (e.g., UV, ions, etc.), sample temperature, or volatile

Received 12 August 2002; revision received 2 February 2003; accepted
for publication 8 August 2003. Copyright © 2004 by the American Insti-
tute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0022-4650/04
$10.00 in correspondence with the CCC.

*Head, Materials Group, Space Technology Section.

*Senior Researcher, Materials Group, Space Technology Section.

“Head, Projects Group, Space Technology Section.

§Professor, Department of Physics and Materials Science; on leave from
Soreq NRC, Yavne 81800, Israel.

356

products of tested materials, thus resulting in an erroneous AO flux
calculation.

In the present work we study the effect of several AO-flux-
associated components on Kapton erosion rate. RF plasma asher
was used as an AO simulation system. In addition to AO, it contains
also UV radiation, ions, electrons, molecular oxygen, and excited
species. Although we used a specific simulation facility in this study,
the conclusions drawn for Kapton etching rate dependence on the
AO-accompanying components are generalized for the use of Kap-
ton as a reference material for determining the AO flux in various
simulation systems.

Experimental

Kapton samples were spin coated on quartz-crystal-microbalance
(QCM) crystals using a Dupont procedure for deposition of poly-
imide (Pyralin® PI 2545). The deposited polyimide films were tested
to be similar to Kapton HN films in their chemical structure and
their sensitivity to AO irradiation. Fourier-transform-infrared spec-
troscopy (FTIR) measurements of the deposited polyimide films
have shown that their chemical structure (not shown in the paper)
is similar to that of Kapton HN. The AO irradiation sensitivity was
tested by a simultaneous exposure of both materials (Kapton HN
and deposited polyimide) to AO flux and by measuring a similar
mass loss.

The Kapton erosion rate measurements were carried out using a
QCM mounted in an rf plasma system equipped with an automatic
matching unit and a power of 75-1200 W (see Fig. 1). The coated
crystals were located on a sample holder enabling positioning of the
QCM in a selected downstream position. The samples were exposed
to different environment type [AO, AO + VUYV, or vacuum ultravi-
olet (VUV) alone]. This was achieved by using a specially designed
target holder assembly causing the plasma afterglow flow to reach
the sample sideways while the top is covered by MgF, window, as
shown in Fig. 1. In such a configuration, the sample is exposed to
all rf plasma afterglow components, while the VUV radiation-only
pathway is through the MgF, window. Shielding the MgF, window
with Al foil eliminates the sample direct VUV irradiation. Block-
ing of the sample holder sideways prevents the sample exposure to
all rf plasma components except for the VUV radiation penetrating
through the MgF, window. At this configuration it is also possible
to cover the MgF, window, thus studying the net effect of vacuum
environment on the sample erosion. The cooling system of the QCM
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Fig. 1 Schematic diagram of the AO simulation system.
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Fig. 2 QCM measurements of the Kapton thickness loss under a) VUV,
b) AO, and ¢) AO + VUYV irradiation.

was used for adjusting the crystals temperature to the desired ones
in the range of 0-55°C. The samples were also exposed to differ-
ent environments of volatile products obtained from AO exposure
of attached fluoropolymers, silicones, as well as reference Kapton
samples.

Atoperating pressure of 120 mtorr and sample location of 100 mm
downstream from the rf plasma reactor end, the 5-eV equivalent
AO flux was calculated (by measuring Kapton mass loss and as-
suming erosion yield of 3 x 1072* cm?®/atom) to be about 5 x 10'3
atoms/cm?s. The VUV flux was assessed by a phototube sensor
(Hamamatsu Model R1187) positioned at the location of the ex-
posed sample. The phototube is a Cs-I detector with a spectral re-
sponse in the range of 115-200 nm. Therefore only VUV flux in
this range was measured. The measurements were performed using
a 1% transmittance filter to reduce the intensity to the working range
of the sensitive sensor. The VUV flux was 1.6 x 10'° photons/cm?s
at 300 W, 100 mm away from the reactor.

The surface morphology of the irradiated Kapton was analyzed
under ambient conditions by atomic force microscopy (AFM), using
aNanoScope II. The surface vertical roughness Rg {Rq =[>_(Z; —
Zae)?/N12, where Z,,. is the average Z height value within a given
area, Z; is the current Z value, and N is the number of points within
the given area} was measured and averaged by the system.

Results

The effect of various environmental parameters on the Kapton
etching rate and morphology is described next. The parameters in-
vestigated were separate or combined AO and VUV irradiation,
sample temperature and type of neighboring samples.

AO, VUV, and AO + VUV Effects
Erosion Rate

Figure 2 shows the thickness loss of eroded Kapton polyimide
coating under irradiation of a) VUV radiation alone, b) AO flux,
and c¢) combined AO + VUV. It is clearly seen that excluding VUV

radiation from the AO flux decreased the etching rate by about a
factor of two. Some etching of the Kapton was observed also under
VUV radiation alone. The exposure was done using a sample holder
covering the QCM and preventing all plasma active species from
reaching the sample except for VUV radiation penetrating through
aMgF, window. Itis believed that the observed erosion is an artifact,
and it results from interaction of the VUV radiation with residual
oxygen molecules exist in the sample holder cavity at operating
pressure of 120 mtorr. This interaction forms oxygen atoms that are
reactive and cause the measured etching. A similar experiment was
done with Ar plasma and the results (not shown) indicate that VUV
alone did not cause any etching of the exposed Kapton.

Morphology Modification

The effect of the irradiation type on the Kapton morphology is
demonstrated in Fig. 3 showing AFM images of 2 x 2 ym scan size.
Pristine Kapton (Fig. 3a) has an initial roughness of 1 nm and no
specific features on the surface. After AO exposure (Fig. 3b) the
surface is eroded and is characterized by higher roughness of 5 nm
and grains of about 300 nm in diameter. Addition of VUV to the

Rz=1 nm

Fig. 3 AFM images of a) unexposed, b) AO irradiated, and c) AO +
VUV irradiated Kapton films: Rz=surface roughness, images size
2 X 2 pm, and Z-scale 40 nm.
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AO resulted in slightly higher surface roughness (Rz =7 nm) with
the main effect on the grain size. The AO 4+ VUV exposed Kapton
is characterized by a needle-like surface with small grains of about
100 nm in diameter (Fig. 3c).

Sample Temperature

The effect of the sample temperature on the Kapton erosion rate
is shown in Fig. 4. The Kapton was exposed to oxygen plasma
while keeping all plasma parameters constant except for the sample
temperature. Increase of the sample temperature results in higher
erosion rate. The erosion rate follows Arrhenius behavior as can
be seen by the linear curve in the inset of Fig. 4. The activation
energy calculated from this curve was found to be about 17 kJ/mole
(~ 0.2eV).

Volatile Products

Different types of accompanying samples were located in the
vicinity of the Kapton-coated QCM crystal in order to study the
effect of volatile products resulted from neighboring samples ero-
sion on the Kapton etching rate. The accompanying samples were
6 cm in diameter with a centered hole used for mounting the sam-
ples around the QCM. In this configuration the samples were kept
at the same plane thus ensuring a similar AO flux. The results
are shown in Fig. 5. Each type of accompanying samples, that is,
poly(dimethyl)siloxane-based coating (PDMS), Teflon FEP film,
and Kapton film (reference material), was exposed in a separate
experiment keeping similar dimensions and location of the sample
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Fig. 4 QCM measurements of the Kapton thickness loss as a function

of sample temperature: a) 0°C, b) 20°C, and c) 55°C. The inset shows
an Arrhenius plot of erosion rate constant as a function of temperature.
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Fig. 5 QCM measurements of the Kapton thickness loss as a function

of volatile products of coexposed samples: a) PDMS, b) Kapton, and
¢) fluoropolymer (Teflon FEP).

in order to ensure similar flow conditions. No attempt was done to
measure the samples’ erosion volatile products flux at the Kapton
surface. The results show that the presence of PDMS does not affect
significantly the Kapton etching rate, whereas the presence of flu-
oropolymer results in a drastic increase of the Kapton etching rate
after a short incubation period.

Discussion

The space environment effects on spacecrafts’ materials are of
obvious interest resulting in many in-flight experiments. However,
these experiments are expensive and are of limited availability, and
most of them are very short in exposure terms. All that lead to
development of a variety of ground simulation facilities for studying
the effect of the main space environment hazard constituent (AO) on
materials degradation. A major problem in using an AO simulation
facility for materials degradation studies is the way of assessing the
AO flux. A common way is exposing a Kapton coupon in close
vicinity to the tested materials. By measuring its mass loss and
assuming a reaction yield of 3 x 1072* cm?/O atom, an equivalent
of the 5-eV AO flux could be calculated.’

The generated AO beam in most AO sources is associated with
accompanying reactive elements such as UV radiation, ions, elec-
trons, and other energetic species that could affect the etching
rate of the Kapton reference coupon. The AO source reactor at-
mosphere could also contain reactive volatile products (obtained
by degradation of tested materials) and could also affect the Kap-
ton coupon temperature; both might influence the Kapton erosion
yield.

The purpose of this study was to evaluate the validity of the
method of assessing the AO flux by measuring the mass loss of
Kapton coupon exposed to AO beam simultaneously with the tested
material. The study was done by exposure of Kapton-coated QCM
crystal to different AO simulation environments. As an AO source,
we used an rf plasma system that although is widely used as a
common source for material screening with respect to AO degrada-
tion in LEO it produces oxygen atoms at thermal energies (~ 0.04
eV)(Ref. 8). In addition to thermal AO, other species are also present
in the rf plasma environment including molecular oxygen, atomic
and molecular oxygen ions and electrons at energies of tens eV, ex-
cited neutral and ionic species, and also ~130 nm VUV radiation
with flux of 10'*~10'® photons/cm?s (Refs. 9 and 10). By using a
special sample holder design, we could expose the Kapton-coated
QCM crystals to all rf plasma afterglow components (denoted as
AO+ VUYV), VUV irradiation alone (VUV), and rf plasma after-
glow excluding VUV radiation (AO).

Let us discuss first the effect of the VUV radiation on the Kapton
erosion rate. As is shown in Fig. 2, the elimination of direct VUV
radiation (flux of 1.8 x 10'¢ photons/cm?s) from the AO beam re-
sults in a significant decrease in the Kapton etching rate. The phe-
nomenon can be explained by the damage created by the VUV radia-
tion to the polymer structure. AO exposure causes surface reactions,
hence modifying only the first atomic layers (~1 nm) (Ref. 5). As
was shown by Grossman et al.,'! exposure to VUV causes destruc-
tion of some of the aromatic groups well below the AO bombarded
eroded layer. The measured increase of the Kapton erosion rate
caused by AO+ VUV combined bombardment can therefore be
explained by the following erosion mechanism: VUV radiation ini-
tiates a destruction of the aromatic groups in underneath layers, and
as a consequence the AO is reacting with already damaged layer
thus resulting in a higher etching rate. The effect is also shown by
the morphology modification (Fig. 3). A VUV irradiation simulta-
neously with the AO caused the modified damaged layer to have
an increase in the oxygen reactive sites. The result is smaller grain
size (100 A compared to 300 A for AO exposure alone) and higher
surface roughness.

Other parameters shown to affect the Kapton sensitivity towards
AO attack were the sample temperature and the presence of reac-
tive volatile products in the plasma atmosphere. The temperature
effect on the Kapton erosion rate (Fig. 4) is showing Arrhenius be-
havior with activation energy of about ~17 kJ/mole. It is assumed
that the etching is a thermal process in which the reactive gaseous
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species have come into thermal equilibrium with the surface before
reacting. Thus, the high sensitivity of Kapton erosion rate to sam-
ple temperature could be a result of phenomena such as 1) increase
in the oxygen atoms surface diffusion or 2) increase in the volatile
products desorption rate. However, it is not clear which of the pre-
ceding processes is the limiting process, and further studies are
needed to elucidate the detailed mechanism of the observed effects.
A similar experiment using oxygen atoms with varied energies (0-5
eV) (Ref. 12) revealed a comparable activation energy for thermal
oxygen atoms reacting with Kapton. At higher atoms energy of 5
eV, no activation energy was measured. Because the activation en-
ergy required for surface diffusion or volatile products desorption is
supplied already by the impinging atoms, the eroded Kapton tem-
perature (in the measured range of 25—-150°C) has negligible effect
on the etching process.

The rf plasma environment, modified by reactive volatile degra-
dation products (Fig. 5), was found to affect the Kapton erosion rate
for a given AO flux. A significant Kapton reaction yield increase
was measured because of the addition of fluorine-containing ma-
terials. It can be suggested that the Teflon® forms reactive volatile
products, such as HF and C,H,F. (Ref. 13), which can react with
Kapton increasing its erosion yield.

Although the study is based on one specific simulation facility,
the conclusions drawn are general in nature and apply to all other
relevant facilities and especially to the use of Kapton as a reference
material for assessing the AO flux. It was found that evaluation of the
simulated AO flux based on a Kapton coupon sample could result in
amassive error. The results shown indicate a flux measurement error
of about one order of magnitude for relatively short exposure times.
Higher AO fluences will result in much higher deviations from the
correct fluence value. Kapton is used as a reference material for
evaluating AO fluxes because of its extensive exposure in space
and accurate erosion yield calculated from these experiments. It is,
however, shown that its erosion yield could be significantly affected
by other reactive elements in the AO source leading to inaccurate
AO flux measurements. The study shows that there is a need for
a better and more accurate method for evaluating the AO flux of
ground simulation facilities.

Conclusions

The most common way for assessing the AO flux in ground sim-
ulation facilities is by measuring the mass loss of a Kapton coupon
attached to the tested materials. However, most LEO environment
simulation sources generate AO beam associated with other reactive
elements such as UV radiation, ions, electrons, and other reactive
fragments that could affect the etching rate of the Kapton reference
coupon. The AO source reactor atmosphere could also contain reac-
tive volatile products (obtained by degradation of tested materials)
and could also affect the Kapton coupon temperature; both might
influence the Kapton erosion yield.

The study includes in situ measurements erosion rate of Kapton
exposed to AO simultaneously with other simulation facility compo-
nents, such as VUV, coexposed samples reactive volatile products,
and sample temperature. The results indicate that the erosion rate
could be severely affected by the presence of AO-accompanying

components. It is concluded that the Kapton erosion rate is system
dependent. Thus, a simple and unambiguous method for measuring
the AO flux is needed.

Acknowledgment
This work was partially supported by the Israeli Space Agency.

References

Reddy, M. R., “Effect of Low Earth Orbit Atomic Oxygen on Spacecraft
Materials,” Journal of Materials Science, Vol. 30, No. 2, 1995, pp. 281-307.

2Packirisamy, S., Schwam, D., and Litt, M. H., “Atomic Oxygen Resis-
tant Coatings for Low Earth Orbit Space Structures,” Journal of Materials
Science, Vol. 30, No. 2, 1995, pp. 308-320.

3Koontz, S. L, Albyn, K., and Leger, L. J., “Atomic Oxygen Testing with
Thermal Atom Systems: A Critical Evaluation,” Journal of Spacecraft and
Rockets, Vol. 28, No. 3, 1991, p. 3154.

4Reddy, M. R., Srinivasamurthy, N., and Agrawal, B. L., “Effect of Low
Earth Orbit Atomic Oxygen Environment on Solar Array Materials,” ESA
Journal, Vol. 16, No. 2, 1992, pp. 193-208.

SMinton, T. K., and Garton, D. J., “Dynamics of Atomic-Oxygen-
Induced Polymer Degradation in Low Earth Orbit,” Chemical Dynamics
Extreme Environments: Advanced Series in Physical Chemistry, edited by
R. A. Dressler, World Scientific, Singapore, 2001, pp. 420—489.

6Tennyson, R. C., French, J. B., Kok, L. J., Kleiman, J., and Zimick,
D.J., “An Atomic Oxygen Facility for Studying Polymer Materials for Space
Applications,” Proceedings of the 13th Space Simulation Conference, NASA
CP 2340, 1984, p. 169.

7«Standard Practices for Ground Laboratory Atomic Oxygen Interaction
Evaluation of Materials for Space Application,” American Society for Test-
ing and Materials, E2089-00, West Conshohocken, PA, June 2000.

8Banks, B. A., de Groh, K. K., Rutledge, S. K., and DiFilippo,
F. J., “Prediction of In-Space Durability of Protected Polymers Based on
Ground Laboratory Thermal Energy Atomic Oxygen,” NASA 107209, April
1996.

9Townsend, J. A., “A Comparison of Atomic Oxygen Degradation in
Low Earth Orbit and in a Plasma Etcher,” Proceedings of the 19th Space
Simulation Conference, NASA CP 3341, 1996, pp. 249-258.

1OKearnS, D. M., Gillen, D.R., Voulot, D., McCullough, R. W., Thompson,
W. R., Cosimini, G. J., Nelson, E., Chow, P. P, and Klaassen, J., “Study of
the Emission Characteristics of RF Plasma Source of Atomic Oxygen: Mea-
surements of Atom, Ion, and Electron Fluxes,” Journal of Vacuum Science
and Technology A, Vol. 19, No. 3, 2001, pp. 993-997.

" Grossman, E., Gouzman, L., Viel-Inguimbert, V., and Dinguirard, M.,
“Modification of a 5-eV Atomic-Oxygen Laser Detonation Source,” Journal
of Spacecraft and Rockets, Vol. 40, No. 1, 2003, pp. 110-113.

12Tagawa, M., Tagawa, Y., Kida, T., Yokota, K., and Ohmae, N., “Temper-
ature and Incident Angle Dependences of Atomic Oxygen Induced Erosion
Rates of Polyimide and Polyethylene Films Measured by Quartz Crystal
Microbalance,” Proceedings of the 6th International Conference on Protec-
tion of Materials and Structures from the LEO Space Environment (to be
published).

13Grossman, E., Gouzman, I., Lempert, G., Shiloh, M., Noter, Y., and
Lifshitz, Y., “Advanced Simulation Facility for In-Situ Characterization of
Space Environmental Effects on Materials,” Proceedings of the 8th Interna-
tional Symposium on Materials in a Space Environment, 5th International
Conference on Protection of Materials and Structures from the LEO Space
Environment, Centre National d’Etudes Spatiales, Toulouse, France, 2000.

D. Edwards
Associate Editor



