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ABSTRACT Beam-surface scattering experiments were used to probe products that scattered from FEP Teflon surfaces during
bombardment by various combinations of atomic and molecular oxygen, Ar atoms, and vacuum ultraviolet (VUV) light. A laser-
breakdown source was used to create hyperthermal (translational energies in the range 4—13 eV) beams of argon and atomic/molecular
oxygen. The average incidence energy of these beams was tunable and was controlled precisely with a synchronized chopper wheel.
A filtered deuterium lamp provided a source of VUV light in a narrow-wavelength range centered at 161 nm. Volatile products that
exited the surfaces were monitored with a rotatable mass spectrometer detector. Hyperthermal O atoms with average translational
energies above ~4 eV may react directly with a pristine FEP Teflon surface, and the reactivity appears to increase with the translational
energy of the incident O atoms. VUV light or highly energetic collisions of O, or Ar may break chemical bonds and lead to the ejection
of volatile products; the ejection of volatile products is enhanced when the surface is subjected to VUV light and energetic collisions
simultaneously. Exposure to VUV light or to hyperthermal O, or Ar may increase the reactivity of an FEP Teflon surface to O atoms.
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1. INTRODUCTION
urfaces of spacecraft traveling in low Earth orbit (LEO)

are exposed to an environment containing atomic

oxygen, molecular nitrogen, electromagnetic radia-
tion, ions, electrons, and high-energy charged particles.
Atomic oxygen and molecular nitrogen are the major con-
stituents in the residual atmosphere at LEO altitudes (1, 2),
and they collide with spacecraft surfaces at relative velocities
of ~7.4 km s™! (3). These high relative velocities lead to
gas—surface collisions with many electron volts of collision
energy in the center-of-mass (c.m.) reference frame (4, 5).
The energy associated with these hyperthermal collisions is
in excess of many bond dissociation energies and may help
promote materials degradation by allowing barriers to reac-
tion or to collision-induced dissociation (CID) to be over-
come. High fluxes of solar vacuum ultraviolet (VUV) radiation
might contribute to the degradation of materials through
various photochemical mechanisms. The VUV spectrum
comprises radiation with wavelengths that span 100—200
nm, including the Lyman « line of atomic hydrogen (121
nm) (6). Fluorinated ethylene propylene (FEP) Teflon is
commonly used as a thermal control material on space
vehicles to provide protection from solar heating (7). How-
ever, FEP Teflon degrades upon exposure to the LEO envi-
ronment. Various NASA missions, including the Long Dura-
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tion Exposure Facility (LDEF) and the Hubble Space Telescope,
have shown evidence of severe FEP Teflon degradation,
including surface erosion, after exposure in LEO (8—14).
Scanning electron microscope images obtained from the
surfaces of FEP Teflon samples exposed to the LEO environ-
ment on the leading and trailing edges of the LDEF satellite
showed different surface morphologies, suggesting different
degradation mechanisms in the different environments (14).
Although it is clear that the degradation mechanisms of FEP
Teflon in LEO depend on the details of the environment, the
dominant mechanisms by which FEP Teflon degrades in
LEO have been the subject of much debate.

Many explanations have been proposed to account for
the erosion and deterioration of the mechanical properties
of FEP Teflon in LEO. It has been suggested that the erosion
rate of FEP Teflon is enhanced synergistically under the
combined exposure of VUV light and atomic oxygen, while
the erosion rate by atomic oxygen alone is very low (15—18).
However, Tagawa and co-workers (19, 20) found no syner-
gistic effect in their study, in which they observed that the
simultaneous exposure of a fluorocarbon polymer to a
hyperthermal O-atom beam and to 172 nm VUV radiation
produced mass loss that was the sum of the mass loss caused
by the O-atom beam plus the mass loss caused by the VUV
radiation. Their conclusion was thus that the mass loss was
an additive, not a synergistic, effect. Skurat et al. (21) have
suggested that it is only VUV light that is responsible for FEP
Teflon degradation in LEO, and they have proposed a
mechanism whereby VUV radiation breaks C—C bonds until
smaller fragments of the chain are formed and become
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FIGURE 1. Schematic diagram of the crossed-molecular-beams apparatus, configured for gas—surface scattering experiments, showing the
hyperthermal beam source, the target surface, the deuterium lamp, and the rotatable mass spectrometer detector.

volatile, thereby carrying mass away. Gindulyte et al. (22)
discounted the role of VUV radiation altogether by propos-
ing, based on calculated barriers of 2.9—3.3 eV for O(P)
reactions with small perfluorocarbon molecules that break
a C—C bond (the calculated barrier was between 3.5 and 4.1
eV in the case of the smallest perfluorocarbon studied, C,Fe),
that collisions of O(°P) atoms with perfluorocarbons in LEO
have enough energy to promote a direct reaction and may
therefore lead to erosion of a fluorocarbon polymer surface
regardless of the amount of VUV exposure. Troya and Schatz
(23) added additional insight to the conclusions of Gindulyte
et al. with their theoretical study of O(P) reactions with small
hydrocarbon (CH4 and C,He) and perfluorocarbon (CF4 and
C,Fe) molecules. For OCP) + CyF, they found that the
lowest-energy transition state for C—C bond breaking was
2.52 eV above the reactants, which is lower in energy than
the transition state reported by Gindulyte et al. However,
more importantly, through their molecular dynamics calcu-
lations, they discovered that the C—C bond-breaking cross
sections for the reaction of O(°P) with C;F, remain negligibly
small up to c.m. collision energies of ~4.5 eV. A more recent
study by Troya and co-workers on Ar + CFs collisions
suggests that CID of the perfluorocarbon molecule might be
more likely than an O-atom reaction as the collision energy
climbs above 5 eV (24). Their results showed that C,Fg
absorbs more energy in hyperthermal collisions than does
its hydrocarbon analogue, C>He. Thus, for collisions of a
given energy, CyFs is more susceptible to CID than C;He.
These theoretical results are consistent with preliminary
crossed-beams studies in our laboratory on the gas-phase
interactions of O(P) and Ar with CsFg. For OCP) + CsFg at a
c.m. collision energy of ~4.4 eV, we observed no evidence
of O-containing products. When the collision energy involv-
ing O atoms was increased above 5 eV, we observed
fragments that indicated that the CsFg had been dissociated
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by the hyperthermal collisions, but the CID might have
resulted from collisions with the O, component in the beam,
which would have collision energies greater than 8 eV.
Indeed, when Ar collided with CsFg at ~7 eV and higher, we
also observed fragments that were indicative of CID. In
contrast, we have not observed evidence of CID in crossed-
beams studies of O or Ar collisions with the analogous
hydrocarbon, CsHs. Although several studies have focused
on the role of VUV light and its possible synergistic effects
with atomic oxygen in the erosion of FEP Teflon (see, for
example, refs 7, 14,—21, and 25—29), CID might also be
important in the degradation of fluorocarbon polymers.

In order to improve our understanding of the erosion
mechanisms of FEP Teflon in a LEO environment, we have
conducted beam-surface scattering experiments that probed
products scattered from an FEP Teflon surface when it was
bombarded by various combinations of hyperthermal O
atoms, O, molecules, and Ar atoms, as well as VUV light.
The use of Ar to study hyperthermal collisions with FEP
Teflon provided a model system that restricted the possible
interactions to collisional processes only. These beam-
surface scattering experiments were designed to probe the
individual and combined effects of hyperthermal atomic
oxygen, VUV radiation, and CID on the surfaces of FEP
Teflon.

2. EXPERIMENTAL DETAILS

The experiments were conducted with the use of a crossed-
molecular-beams apparatus, configured for gas—surface inter-
actions (4, 30—32). A schematic diagram of the apparatus is
shown in Figure 1. A laser-breakdown source based on an
earlier design (33) was used to create pulsed, hyperthermal
beams containing either Ar or a mixture of O and O, that were
directed at an FEP Teflon sample surface. A rotatable mass
spectrometer detector was used to identify volatile products that
scattered from the surface as a function of the translational
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energy of the incident Ar, O, or O,. Volatile products were also
detected when VUV light continuously irradiated an FEP Teflon
surface. Finally, volatile products that emerged from the FEP
Teflon surface were monitored, while a hyperthermal beam
containing Ar or a mixture of O and O, was directed onto a
surface that was simultaneously irradiated with VUV light. The
number densities of all products that scattered into the mass
spectrometer detector at a particular mass-to-charge ratio, m/z,
were detected as a function of their arrival time, ¢, at the
electron-bombardment ionizer (33.6 cm from the sample sur-
face). The resulting number density distributions, N(t), are
commonly referred to as time-of-flight (TOF) distributions.
“Time zero” in these distributions is typically the time at which
the maximum flux of the incident beam pulse strikes the
surface. In the case where the surface was continuously bom-
barded by VUV light with no additional bombardment by atoms
or molecules, a spinning slotted disk (“chopper wheel”) was
placed between the sample and detector in order to modulate
the signal. Each number density (or TOF) distribution was
integrated according to Y N(¢)/t in order to obtain the relative
flux of species scattered into the detector at a given angle (34).

2.1. Preparation of an FEP Teflon Sample. One side of a
1-in.-diameter FEP Teflon sample was chemically altered with
a surface etchant (Tetraetch) and bonded to a 1-in.-diameter
silicon substrate with a thermally conductive, silver-filled ad-
hesive (Ablebond 70-1). The adhesive was cured in air starting
with 1 hat323 K and then ramped to 473 K in three 50 K steps,
with 1 h at each step. When mounted on the sample manipula-
tor, the entire backside of the silicon substrate was in contact
with metal surfaces that were heated by a resistive heater.
Thermal conductivity to the entire sample was thus achieved,
and thermal equilibrium between the FEP Teflon sample and
the manipulator, whose temperature was measured with a
thermocouple, ensured that the surface temperature was known.
Before mounting on the sample manipulator, the sample sur-
faces were rinsed with a mixture of ultrapure trichloroethylene
and ethanol (75% and 25 % by volume, respectively). After an
initial overnight bakeout, in vacuum, of the prepared sample
at 373 K, the temperature of the sample was reduced and held
at 343 K throughout the experiment. It was found that the
bakeout was required to reduce outgassing of the volatile
components of the sample to a negligible level.

2.2. VUV Light Irradiation. A 30 W deuterium lamp
(Hamamatsu model L7292) provided continuous VUV radiation
mainly in the wavelength range of 115—200 nm. Such a
deuterium lamp has been used extensively to simulate the
effects of solar VUV light on materials in the LEO environment
(35). The orientation of the deuterium lamp in the apparatus
may be seen in Figure 1. During the investigation of the effects
of VUV irradiation alone on the surface of FEP Teflon, the lamp
was used without filtering and the distance between the center
of the lamp and the sample was 15 cm. With the lamp at this
distance, the sample surface experienced ~90 times the equiva-
lent solar irradiance in LEO (i.e., ~90 “suns”) in the wavelength
range 115—200 nm (36). The sample was irradiated with
continuous VUV radiation, and TOF distributions of the products
that emerged from the surface were detected at a variety of C,,F,
fragment mass-to-charge ratios with the mass spectrometer. For
the experiments where beam-surface scattering was conducted
in addition to VUV light exposure, a filter was used to narrow
the wavelength range of the light falling on the sample. The
band-pass filter had a transmission peak at 161 £ 2.5 nm, with
a full width at half-maximum of 20 nm, and it transmitted
~12% of the irradiance of the deuterium lamp in this wave-
length range. When filtered, the lamp was placed 12.7 cm from
the sample surface. The irradiance that was transmitted by the
filter was ~0.06 of the total lamp irradiance in the 115—200
nm range. The lamp position and the filter combine to yield a
netirradiance of ~8.4 suns in the 115—200 nm spectral range.
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FIGURE 2. Representative translational energy distributions of

hyperthermal O/O; and Ar beams selected with the synchronized
chopper wheel.

FEP Teflon, by analogy with poly(tetrafluoroethylene) (37), is
expected to absorb strongly at 161 nm, which corresponds to
a transition from the highest occupied molecular orbital levels
of the C—F bonds to a conduction band in the polymer. In fact,
a large fraction of the VUV absorption between 115 and 200
nm occurs in this absorption band. Therefore, the photochemi-
cal effect on the sample is likely to be more dramatic than that
induced by 8.4 solar equivalents in LEO, but there is insufficient
information about the photochemistry and its relationship to
the irradiation wavelength to draw firm conclusions.

2.3. Hyperthermal Gas—Surface Interactions. The beam-
surface scattering experiments were conducted with pulsed
beams, operating at a repetition rate of 2 Hz and containing
hyperthermal Ar or a mixture of O and O,. The pressure in the
main scattering chamber was maintained at ~1 x 1077 Torr
throughout the experiment.

A chopper wheel was used to select narrowed portions of
each overall beam pulse; the selected portions had different
translational energy distributions, thus allowing the investiga-
tion of the relationship between incident translational energy
and product scattering dynamics. The chopper wheel also
blocked the radiation from the laser-breakdown source. Figure
2 shows representative translational energy distributions of the
narrowed (chopped) O and O, beams used in these experi-
ments. These distributions were derived from TOF measure-
ments of the beam when it was directed into the detector. While
representative distributions are shown in Figure 2, in the course
of conducting all of the experiments reported here, the average
translational energies of O and oxygen in the hyperthermal O,
beam ranged from 4.0 to 6.5 eV and from 8.0 to 13 eV,
respectively, and these species were in their ground electronic
states, O(’P) and 02(32g‘) (38, 39). The mole fraction of atomic
oxygen in the beam varied from 50 to 80 %, with higher energy
beams having higher O-atom mole fractions. Hyperthermal
beams of Ar (Figure 2) were also created with the laser-
breakdown source and were used to investigate the CID mech-
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FIGURE 3. Mass spectrum of volatile products detected when an FEP
Teflon surface was exposed to an unfiltered deuterium lamp 15 cm
away.

anism. The average translational energies of the Ar beams used
in this experiment ranged from 8.2 to 12.7 eV.

The hyperthermal beam struck the FEP Teflon target surface
(placed ~92 cm from the apex of the nozzle) about 7 cm past
the chopper wheel. The FEP Teflon sample was mounted on a
manipulator such that the surface normal was contained in the
plane of rotation of the detector. The rotation axis of the
manipulator was coincident with the detector’s rotation axis,
and this axis passed through the sample surface. The samples
were thermally isolated, and the sample mount was electrically
grounded. The temperature of the sample was held at 343 K
throughout the experiment, in order to reduce the adsorption
of residual gases on the surface. All experiments began with
pristine FEP Teflon samples, and mass-spectral data were
typically collected under the following conditions: (1) VUV light
alone, (2) beam-surface scattering with O/O, alone and then
0/0, + VUV, and (3) beam-surface scattering with Ar alone and
then Ar + VUV. In some cases, where the focus was on the
combined effect of O/O, or Ar with VUV light, the step of beam-
surface scattering with O/O, or Ar alone was abbreviated or
skipped altogether. The possible conditions where VUV light
preceded O/O, or Ar bombardment were not studied because
they would have significantly complicated the experimental
matrix and were judged to be less important in identifying
combined effects than the conditions that were studied.

When the hyperthermal oxygen beams were directed at the
sample, inelastically scattered products were collected at m/z
=16 (O%) and 32 (O,") and reactively scattered products that
exited the surface were collected at m/z = 19 (F"), 47 (CFO™),
50 (CF,), 66 (CF,0™), 69 (CF5%), and 85 (CF50™). TOF distribu-
tions were collected for products that scattered from the surface
under bombardment of the hyperthermal O/O, beam alone and
when the surface was exposed simultaneously to VUV radiation
and hyperthermal O/O,.

When the hyperthermal Ar beams were directed at the
sample, TOF distributions were collected for inelastically scat-
tered products at m/z = 40 (Ar*) and for collisionally dissociated
products at m/z = 31 (CF*), 50 (CF,"), and 69 (CFs"). Weak
signals were detected at some higher mass-to-charge ratios
indicative of additional C,,F," fragments. TOF distributions of
volatile products that formed during simultaneous exposure to
VUV radiation and hyperthermal Ar atoms were also collected.

3. RESULTS

3.1. VUV Light Alone. FEP Teflon that was exposed
only to the unfiltered VUV light yielded volatile reaction
products that were detected at various C,,F,™ ion fragments
in the mass spectrometer (see Figure 3). There appeared to
be an induction period of ~30 min after the lamp was turned
on before the detected flux of C,,F,™ fragments reached a
steady state. The mass-to-charge ratio with the highest
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intensity was m/z = 69, corresponding to CFs". CF5 may not
be the most probable volatile product, however, because
dissociative ionization in the electron bombardment ionizer
may cause higher mass fragments to dissociatively ionize
(“crack”) into a variety of lower mass fragments. It is
therefore difficult to identify the parent ion signals. The VUV
irradiance at the sample in this experiment was very high
compared to what would be experienced by a surface in
LEO, and the relative peak heights in the mass spectrum
might depend on the magnitude of the irradiance. Neverthe-
less, the fact that signals were detected at mass-to-charge
ratios indicative of C,,F, fragments suggests that C—C bond
breakage in FEP Teflon can occur by a photochemical
process when the incident photon energy is in the VUV
region of the electromagnetic spectrum.

3.2. Ar Alone. Figure 4 shows representative TOF
distributions, collected at a variety of mass-to-charge ratios,
for products that scattered from an FEP Teflon surface after
Ar atoms with an average translational energy of 12.7 eV
collided with it. For these TOF distributions, the incidence
angle, 60;, and final angle, 6¢, were both 60° with respect to
the surface normal. Time zero in these distributions corre-
sponds to the nominal time at which the Ar beam pulse
struck the surface. The observation of volatile products
resulting from collisions of hyperthermal Ar atoms with a
pristine FEP Teflon surface clearly indicates the occurrence
of CID. The most obvious mass-to-charge ratios that could
be detected were F, CF*, CF,*, and CF5*. Weak signals at
higher mass-to-charge ratios suggest that higher Cp,F, frag-
ments might be dislodged from the surface by hyperthermal
Ar atoms. Because of the possibility of dissociative ioniza-
tion, unambiguous identification of the parent fragments is
not possible. Although not shown in Figure 4, strong signals
from inelastically scattered Ar atoms were observed at m/z
= 40 (Art) and m/z = 20 (Ar?"). The resolution of the mass
spectrometer (~1 amu, full width at half-maximum) allowed
the weak detection of products one mass unit away from
their nominal masses. This “mass leakage” is included in the
TOF distributions collected at m/z = 19. Therefore, the
apparent signal at this mass-to-charge ratio has components
corresponding to F* and Ar?*. The Ar?T component was, in
principle, assignable because its shape should match that
observed at m/z = 20. However, because the signal detected
at m/z = 19 (F") was weak, it is difficult to distinguish this
signal from the overlapping signal coming from “mass
leakage” from Ar?* in Figure 4. Although most of the TOF
signals contain a single peak at relatively short times, near
200 us or less, the TOF distribution for m/z = 69 appears to
have two components: one in the range of 100—200 us and
the other in the vicinity of 700 us. The fast peak, at shorter
arrival times, corresponds to products that leave the surface
with hyperthermal translational energies and must result
from Ar interactions with the surface on a time scale too
short for thermal equilibrium to be reached. The slower,
broader peak, at longer arrival times, corresponds to prod-
ucts that desorb from the surface at near-thermal energies,
and their velocities may be approximated by a Maxwell—
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FIGURE 4. Representative TOF distributions of scattered C,,F, fragments correlated with bombardment of a pristine FEP Teflon surface by a
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hyperthermal Ar beam with [E;[J= 12.7 eV. The incidence and detection angles were both 60° with respect to the surface normal.
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FIGURE 5. (a) Energy dependencies of CID products, detected at CF™,
CF;*, and CFs%, correlated with bombardment of a pristine FEP
Teflon surface by hyperthermal Ar beams. The incidence and
detection angles were both 60° with respect to the surface normal.
The product flux has been normalized to the flux of the incidence
Ar beam at the corresponding energy. (b) Angular distributions of
CID product fluxes, detected at CF", CF,*, and CFs', following
exposure of a pristine FEP Teflon surface to the hyperthermal Ar
beam with an incidence angle of 60°.

Boltzmann (MB) distribution at the surface temperature (343
K). This slower signal probably arises from ionizer fragmen-
tation of much larger Cp,F, fragments that leave the surface
at thermal energies. Even though only very weak signals
were detected at large Cy,F, fragments (up to m/z = 200),
ionizer fragmentation to CFs% is very likely (40). Because
there can be a variety of masses of the parent molecules that
fragment in the ionizer to CF5™, the slow signal detected at
mlz = 69 might be the result of many overlapping MB
distributions, which makes it quite broad.

The TOF distributions of the products detected at CF,
CF,*, and CFs*, produced by collisions with five energy-
selected Ar beams, were converted to product flux distribu-
tions with the use of the relationship flux(0y) = Y N(¢,0y/t. The
product signals varied with the incident beam energy in part
because the flux in the corresponding Ar beam varied.
Therefore, product signals were normalized to the intensities
of the inelastically scattered Ar atoms from the correspond-
ing incident beams. Figure 5 shows (a) the relationship
between the total flux of the product signals and the incident
translational energy of the Ar atoms and (b) the angular
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distributions of the products detected at the three mass-to-
charge ratios. The lowest energy beam, with an average
translational energy of 8.2 eV, did not produce any detect-
able CID products. The shapes of the energy distributions
(Figure 5a) for the signals detected at all three mass-to-charge
ratios are the same, and the shapes of the angular distribu-
tions (Figure 5b) for the signals detected at all three mass-
to-charge ratios are the same. The similar energy and
angular dependencies of the products detected at all three
mass-to-charge ratios suggest that a similar mechanism
leads to the formation of these products. In fact, the signals
detected at CF*, CF,", and CFs* may come from the same
radical product that exits the surface, perhaps CFs. lonization
of CF5 in the electron-bombardment ionizer would be ex-
pected to give the parent ion, CF5 ", as well as the fragments,
CF,* and CF*. There are numerous CF5 groups in the FEP
Teflon polymer chain, so CID to produce CF5 may be a highly
probable event.

3.3. Ar + VUV. The energy dependencies of the
presumed CF5 product detected with and without VUV light
are illustrated in Figure 6 for a situation where the Ar
incidence and detection (final) angles, 6; and 6, respectively,
were both 60° from the surface normal. A similar behavior
was observed for products detected with different combina-
tions of 6; and 6 (not shown). The data from the fragment
detected at m/z = 50 (CF,") were used to construct this plot
because the signals were greatest at this mass-to-charge
ratio. The data clearly show that the same Ar beam dissoci-
ates more products from an FEP Teflon surface that is
simultaneously exposed to VUV light than from a pristine
FEP Teflon surface. Above the threshold for CID production
of volatile products, the ratio of the integrated product flux
from the VUV-exposed FEP Teflon to that from the pristine
FEP Teflon stays approximately constant at ~10, regardless
of the Ar energy. The VUV light appears to alter the surface
in such a way that makes the CID process more efficient,
but the energy dependence of CID stays approximately the
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FIGURE 6. Energy dependencies of the CID product (presumed to
be CFs), detected at m/z = 50 (CF,"), correlated with the bombard-
ment of a pristine FEP Teflon surface by hyperthermal Ar beams
and simultaneous exposure of the surface to the Ar beam and to
the filtered deuterium lamp placed 12.7 cm away. The incidence
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normal. The product flux has been normalized to the flux of the
incident Ar beam at the corresponding energy.
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FIGURE 7. Representative TOF distributions of scattered products
correlated with the bombardment of a pristine FEP Teflon surface
by a hyperthermal O/O, beam with average translational energies
of [E;(O)= 6.0 eV and [E;i(Oz)[0= 12.0 eV. The incidence and
detection angles were both 60° with respect to the surface normal.

same. The enhancement in the CID signal with VUV light
exposure reached a steady state after an induction period
of ~30 min, and then it persisted during VUV exposure and
at least 3 h after the deuterium lamp had been turned off.

3.4. O/O; Alone. Figure 7 shows representative TOF
distributions that were collected when the incidence angle,
0;, and detection angle, 6, were both 60° and when the
average incident O and O; translational energies were 6.0
and 12.0 eV, respectively. When the O/O, beam bombarded
the surface, signals at mass-to-charge ratios indicative of
O-containing products were detected at m/z = 47 (CFO™) and
66 (CF,0M). In TOF distributions collected at m/z = 85
(CF50™), there was a hint of a signal, but it was difficult to
determine whether this very weak signal indicated a reactive
product. Products detected at mass-to-charge ratios of m/z
=19 (F), 50 (CF,™), and 69 (CF5™) suggested the occurrence
of CID, although dissociative ionization of reactive products
may also contribute to these signals. We were unable to
distinguish a signal at m/z= 31 (CF*) because of interference
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FIGURE 8. Energy dependencies of the CID product detected at m/z
= 50 (CF,"), correlated with the bombardment of a pristine FEP
Teflon surface by hyperthermal Ar and O/O; beams. The incidence
energy refers to Ar and O,. The incidence and detection angles were
both 60° with respect to the surface normal. The product flux has
been normalized to the flux of the corresponding Ar or O/O, beam
at the corresponding energy.

(“mass leakage”) from a very high signal at m/z = 32, which
was a result of inelastic scattering of O, molecules. Note that
signals at all of the mass-to-charge ratios represented in
Figure 7 were also observed in an earlier study that reported
the mass spectra of volatile products formed when a hyper-
thermal O-atom beam bombarded an FEP Teflon surface
(41).

Because the observed signal at m/z = 50 (CF,%) was
especially strong and showed no evidence of an O-atom
reaction (i.e., did not contain O), we believed this signal
arose from CID caused by energetic O, molecules in the
hyperthermal beam. We tested this supposition by studying
the energy dependence of the m/z = 50 signal. Figure 8
compares the integrated flux of the product detected at m/z
= 50, plotted as a function of the O, energy, with the
dependence of a CID-induced, m/z = 50 flux as a function
of the Ar incidence energy. The functional dependencies are
exactly the same, supporting the assumption that the m/z =
50 signal (perhaps originating from parent CF5 fragments
that scatter from the surface) observed when the hyperther-
mal O/O, beam strikes a pristine FEP Teflon surface arises
from CID caused by energetic O, collisions. Note that the
energy dependence of the CID products released through Ar
bombardment (Figure 5a) lead to the conclusion that inci-
dent particles with >8 eV of translational energy are required
to promote CID at the surface. Therefore, the O atoms in
the beam, even with translational energies up to 6.5 eV, do
not have sufficient energy to induce a CID process.

The observation of the CFO™ and CF,O™ signals indicates
that O-atom reactions occur at the surface. We examined
the dependence of the flux of the products detected at m/z
= 47 (CFO") as a function of the translational energy of the
0O/O, beam, and the results are presented in Figure 9. The
CFOT™ flux is essentially zero when the average O-atom
incidence energy is 4.0 eV, and it rises monotonically as the
O (or Oy) incidence energy is increased to the highest value
used, 6.5 eV (or 13.0 eV). The energy dependence of the
product detected at CFO* strongly suggests that O atoms do
not react with FEP Teflon when their translational energy is
~4 eV or less. Apparently, at sufficiently high O/O, incidence
energies (i.e., >4.0 eV for O or >8 eV for O,), either the O
atoms or O, molecules can react directly with the surface
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FIGURE 9. Energy dependence of the reactive, O-containing product
detected at m/z = 47 (CFO™), correlated with the bombardment of
a pristine FEP Teflon surface by hyperthermal O/O, beams of various
translational energies. The average incidence energy in the plot
refers to O atoms in the beam; the incidence energy of the O,
molecules is twice as high. The incidence and detection angles were
both 60° with respect to the surface normal. The product flux has
been normalized to the flux of the O atoms in the incidenece O/O,
beam at the corresponding energy.
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FIGURE 10. Representative TOF distributions of O-containing prod-
ucts, detected at m/z = 47 (CFO™), correlated with bombardment of
a pristine FEP Teflon surface by a hyperthermal O/O, beam and
simultaneous exposure of the surface to the O/O, beam and to the
filtered deuterium lamp placed 12.7 cm away. The average O and
O, beam energies were 6.3 and 12.6 eV, respectively. The incidence
and detection angles were both 60° with respect to the surface
normal.

or the O, molecules in the beam can promote the reaction
of O or O, by creating reactive sites through CID. If the O or
O, reacts directly, then reactive sites would be created
without the need for CID, although CID might add reactive
sites.

3.5. O/0O, + VUV. When the surface of an FEP Teflon
sample was exposed simultaneously to VUV light and to the
hyperthermal O/O, beam, the CFO* signal was enhanced,
as seen in Figure 10. Note that the CFO" signal was not
present with VUV light alone, so the enhancement must be
the result of increased reactivity between O and/or O, and
the surface brought about by VUV irradiation. The CID
product detected at m/z = 50 (CF,") was also enhanced in
the presence of VUV light. A comparison of the dependence
of the total integrated flux of the CF,* signal as a function
of the translational energy of the incident O, molecules, with
and without VUV light, is shown in Figure 11. The flux was
normalized to the intensities of the corresponding O, beams.
Above the threshold for Oz-induced CID of the product, the
ratio of the integrated flux from the VUV-irradiated FEP

www.acsami.org

VOL. 1 «NO. 1 » 187-196 ¢ 2009

1.09 m/z=50(CF,*)

0.8 - With VUV

0.6 |
[m)

Flux / arb. units

0.4 1
0.2 4
0.0 Without VUV
8 é 1'0 1I1 1'2 13
(E(O,)) [ eV

FIGURE 11. Energy dependencies of the CID product, detected at
mlz = 50 (CF,"), correlated with bombardment of a pristine FEP
Teflon surface to hyperthermal O/O, beams and with simultaneous
exposure of the surface to the O/O, beam and to the filtered
deuterium lamp placed 12.7 cm away. The incidence energy in the
plot refers to O, molecules in the beam; the incidence energy of O
is half that of O,. The incidence and detection angles were both 60°
with respect to the surface normal. The product flux has been
normalized to the flux of the O, molecules in the incident O/O, beam
at the corresponding energy.

Teflon to that from the pristine FEP Teflon stays approxi-
mately constant at ~2.5, regardless of the O, energy.

4. DISCUSSION
Individual effects of VUV light, energetic collisions, and

O (and/or Oy) on FEP Teflon have been identified. VUV light
clearly produces a variety of volatile radical products through
photochemical bond cleavage. However, neither the product
distribution nor the mass-loss rate has been quantified.
Furthermore, we have not investigated the relationship
between the VUV effect and VUV flux or wavelength. Ener-
getic collisions also produce volatile radical products through
CID. We have observed a threshold for the production of
volatile CID products near 8 eV for the translational energy
of the incident atoms or molecules. Above this threshold,
the flux of products increases exponentially with incidence
energy (in the range of energies studied, 8—13 eV). O atoms
do not react with a pristine FEP Teflon surface up to
incidence translational energies of ~4 eV. Above an energy
of 4.0 eV for the O-atom component (8.0 eV for the O,
component) of the hyperthermal O/O, beam, a reaction may
occur, and the probability of reaction increases significantly
with the collision energy of the incident atoms or molecules
in the beam. The addition of VUV light enhances the likeli-
hood of CID and O (or Oj) reactions, but we have not
quantified the level of enhancement and we have not
examined in detail whether the enhancement comes from
initiation events, from which CID or reaction may be propa-
gated, or if the VUV light must be present for the enhance-
ment to be sustained.

As a model system for studying a CID mechanism, the
hyperthermal interactions of Ar atoms with FEP Teflon were
investigated. As described earlier for Ar-induced CID pro-
cesses on oxidized polyethylene and graphite surfaces (42),
the CID process on FEP Teflon likely involves the interaction
of an Ar atom with a localized region of the surface. The Ar
translational energy threshold observed in the earlier studies,
~8 eV, is similar to the energy threshold for CID on FEP
Teflon, but because the interaction is localized, with a finite
reduced mass, the c.m. collision energy may be lower by
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several electron volts. Therefore, not all of the translational
energy in the Ar (or O, molecules) would be expected to be
available for bond breakage because the c.m. collision
energy is dependent on the reduced mass of the system and
there are many degrees of freedom at the surface where the
translational energy can be dispersed.

The energy dependence of the reactive, O-containing
product (see Figure 9) is consistent with the theoretical
calculations of Troya and Schatz (23). They found that O
atoms have extremely low reaction probabilities with C,F¢
at c.m. collision energies below 4.5 eV and that the reaction
probability increases substantially as the collision energy is
increased above this value. Nevertheless, the reaction prob-
ability remained low relative to the reaction probability of
O with CyHe throughout the range of collision energies
studied (4.5—6 eV). We observed no evidence of an O-atom
reaction with a pristine FEP Teflon surface when the O-atom
translational energy was 4.0 eV, and we observed an in-
crease in the yield of reactive products as the O-atom energy
was increased up to 6.5 eV. The signals were always weak,
however. Although our results are consistent with the cal-
culations of Troya and Schatz, our experiments have an
ambiguity caused by the presence of O, in the hyperthermal
beam. O, is much less reactive than O, but it may react at a
radical site to produce a peroxy radical (25). Once such a
reaction occurs, subsequent reactions may lead to the loss
of a volatile O-containing product.

The formation of radical sites on or near the FEP Teflon
surface may explain any combined effect that involves O
atoms and either VUV light or energetic collisions. Both VUV
photochemistry and CID produce volatile radical products
that scatter from the surface. These processes must therefore
leave radical sites on the surface. The radicals produced by
VUV irradiation of FEP Teflon have been identified in an
earlier study that employed electron spin resonance (25).
Clearly, the simultaneous exposure of the surface to O/O,
and VUV light enhances the yield of reactive products over
that from exposure to O/O; alone (see Figure 10). This result
is not unexpected because both O and O, may react at
radical sites generated by the VUV light. The enhancement
in the reactivity of the surface to O (or O,) resulting from
CID is perhaps less clear. Coincidentally, we observe a
threshold for the production of an O-containing product
(detected at CFO™) when O, molecules in the beam have just
enough energy to promote CID. This threshold, which cor-
responds to an O-atom incidence energy of 4.0 eV (see
Figure 9), also corresponds to an O; incidence energy of 8.0
eV. In addition, we observe that the CFO™ signal increases
when the energy of O and O, in the beam increases. This
increase in the CFO™ signal might be the result of increasing
O-atom reactivity, but it might also be the result of the
increase in reactive radical sites produced by CID from O,.

If VUV light or energetic collisions make the surface more
reactive to O atoms, the resulting enhancement in reactivity
may be considered to be a synergistic effect. However, the
synergistic effect will only be realized in a practical situation
if (1) the O-atom reactivity with the surface increases
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dramatically in the presence of realistic fluxes of VUV
photons or energetic atoms or molecules and (2) the pres-
ence of the VUV light or energetic collisions is required to
sustain the enhanced reactivity. The current set of experi-
ments has allowed us to identify potential synergistic effects,
but we have not determined if they will manifest themselves
in a practical situation where FEP Teflon is exposed to an
environment containing atomic oxygen with additional VUV
light or energetic collisions.

The exposure of the FEP Teflon surface to VUV light
increased the number of CID products resulting from Ar
bombardment by an order of magnitude, and this enhance-
ment persisted for at least 3 h after the exposure to VUV light
had ceased. The VUV light apparently makes the CID process
more facile. A possible explanation is that the VUV light
breaks bonds and creates species on the surface with lower
molecular weights, which are, in turn, easier to remove from
the surface by collisions of incoming atoms or molecules.
This is another combined effect that may be considered to
be synergistic. However, because we do not have enough
information to determine if the material removal rate with
simultaneous VUV and Ar exposure is significantly greater
than the sum of the material removal rates with VUV light
alone and Ar atoms alone, it is unclear whether or not this
newly identified synergistic effect is of practical importance.

The insights gained from the new experiments described
here may help explain the erosion of FEP Teflon that has
been observed on spacecraft in LEO and in ground-based
test environments that contain atomic oxygen. In LEO and
in many test environments, materials are exposed to VUV
light. The VUV light will break bonds photochemically and
create radical sites where O atoms may react. The O-atom
reactions may produce volatile products, e.g., CFO, CF,0,
and CF50, which would carry mass away from the surface.
In the residual atmosphere at LEO altitudes, N, molecules
may have number densities that are comparable to those
of O atoms (1, 2). At an altitude of 300 km, for example, the
number density of N5 is about !/ that of the number density
of atomic oxygen. However, at lower altitudes, ~150 km,
N, is as abundant at atomic oxygen. N, molecules are almost
twice as heavy as O atoms, and therefore the energy
associated with collisions of N, with FEP Teflon is almost
twice as large. Consequently, while collisions of O atoms
with the ram surface of a spacecraft are equivalent to ~4.5
eV O atoms striking the surface, energetic collisions of N»
molecules are equivalent to ~7.9 eV N, molecules impinging
on the surface. The temperature distribution of N, molecules
in the upper atmosphere results in a distribution of relative
impact velocities that can correspond to N, molecules with
10 eV or greater of translational energy colliding with a ram
surface. In ground-based test environments, it is possible
that O, molecules and other neutral or ionic species with
translational energies much greater than 10 eV may strike
a surface simultaneously with O atoms. Therefore, in both
LEO and test environments, CID from energetic collisions
might break bonds and create radical sites, thus enhancing
the O-atom reactivity. If VUV light is also present in the
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environment, CID will be further enhanced. The enhance-
ment of CID by VUV light would increase the material
removal rate by CID and, perhaps, by the increased O-atom
reactivity that could follow from the increase in the number
of CID events. On the other hand, we have seen much
evidence that hyperthermal O atoms can react directly with
an FEP Teflon surface, and such direct reactions may
dominate the erosion of the surface at moderate fluxes of
VUV photons or energetic collisions. As more and more
radical sites are generated by reactions with O atoms, the
reaction rate would be expected to increase until a steady
state is reached, where mass loss is mainly coming from the
production of volatile CFO, CF,0, or CF50 radicals. Ad-
ditional radical sites generated by VUV light or CID might
only speed the approach to this steady state and, possibly,
shift the steady-state erosion rate slightly. The relative
importance of the various effects must depend on the details
of the exposure environment. For many materials that are
exposed to environments containing atomic oxygen, espe-
cially hydrocarbon-based polymers, the erosion rate is
dominated by atomic oxygen reactions. However, for FEP
Teflon, whose reactivity with O atoms is much lower, the
erosion mechanism is complicated by the potentially im-
portant effects of additional agents, perhaps VUV light or
CID, which might help initiate reactions with O atoms and
increase the steady-state erosion rate.

5. CONCLUSION

Molecular beam-surface scattering experiments have
probed the mechanisms by which VUV light, high-energy
collisions, and atomic oxygen may act either alone or
together to erode an FEP Teflon surface. The results of these
experiments permit certain conclusions to be drawn about
the individual and combined effects of VUV light and hyper-
thermal Ar or O/O, on FEP Teflon surfaces: (1) VUV light
breaks bonds and leads to volatile C,,F, products. (2) Ener-
getic collisions of Ar or O, in the 8—13 eV range break bonds
through CID and lead to volatile products. (3) The CID
product flux is enhanced in the presence of VUV light, by a
factor that is independent of collision energy (with the VUV
wavelength and intensity used in our experiments). (4) O
atoms with translational energies up to ~4 eV do not react
with pristine FEP Teflon, and they likely react directly, with
increasing probability, when their energies increase from
this value. (5) VUV exposure and, probably, energetic colli-
sions (from O in our experiment) promote the reaction of
O atoms (or O, molecules) with an FEP Teflon surface.
Although individual and combined effects have been identi-
fied, these experiments do not elucidate the relative mag-
nitudes of these effects, which are no doubt specific to a
particular exposure environment.
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