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ABSTRACT A combination of beam-surface-scattering, quartz-crystal-microbalance, and surface-recession experiments was conducted
to study the effects of various combinations of O atoms [in the O(3P) ground state], Ar atoms, and vacuum ultraviolet (VUV) light on
fluorinated ethylene-propylene copolymer (FEP) Teflon and poly(methyl methacrylate) (PMMA). A laser-breakdown source was used
to create hyperthermal beams containing O and O2 or Ar. A D2 lamp provided a source of VUV light. O atoms with 4 eV of translational
energy or less did not react with a pristine FEP Teflon surface. Volatile O-containing reaction products were observed when the O-atom
energy was higher than 4.5 eV, and the signal increased with the O-atom energy. Significant erosion of FEP Teflon (∼20% of Kapton
H) was observed when it was exposed to the hyperthermal O/O2 beam with an average O-atom energy of 5.4 eV. FEP Teflon and
PMMA that were exposed to VUV light alone exhibited much less mass loss. Collision-induced dissociation by hyperthermal Ar atoms
also caused mass loss, similar in magnitude to that caused by VUV light. There were no observed synergistic effects when VUV light
or Ar bombardment was combined with O/O2 exposure. For both FEP Teflon and PMMA, the erosion yields caused by simultaneous
exposure to O/O2 and either VUV light or Ar atoms could be approximately predicted by adding the erosion yield caused by O/O2,
acting individually, to the erosion yield caused by the individual action of either VUV light or Ar atoms.

KEYWORDS: FEP Teflon • PMMA • atomic oxygen • VUV light • collision-induced dissociation • polymer erosion • synergistic
effects • low Earth orbit

1. INTRODUCTION

Spacecraft traveling in low Earth orbit (LEO) are subject
to harsh environments, including ultraviolet (UV) and
vacuum ultraviolet (VUV) radiation, thermal cycles,

and high-energy collisions with atomic oxygen, molecular
nitrogen, electrons, ions, and other charged particles (1-4).
Fluorinated ethylene-propylene copolymer (FEP) Teflon,
commonly used as a thermal control material on spacecraft,
degrades upon exposure to the LEO environment (5-12).
Many studies have used both space environments and
ground-based test facilities in order to unravel the erosion
mechanism of FEP Teflon. Some key factors that might be
responsible for FEP Teflon erosion are atomic oxygen, VUV
light, and collision-induced dissociation (CID) (13-21).
Whether these factors act mainly alone or synergistically
remains under debate.

It is well-known that FEP Teflon has strong absorption
bands at VUV wavelengths (18, 22, 23). VUV radiation breaks
C-C and C-F bonds and creates fragments that become
volatile (18, 24). Skurat et al. (18) investigated the combined
effect of VUV light and hyperthermal atomic oxygen on FEP

Teflon and found that atomic oxygen had little effect on the
mass loss of FEP Teflon. They further concluded that syn-
ergism between VUV light and fast atomic oxygen, if it exists,
does not play any significant role. They also pointed out that,
for fast atomic oxygen facilities that use electric discharges
or laser-induced breakdown, intense VUV light can be
produced along with atomic oxygen. Even though they did
not exclude the reaction of oxygen with FEP Teflon, they
suggested that the VUV light in the atomic oxygen source
must be responsible to a great extent for the observed mass
loss of FEP Teflon. It is worth noting, however, that the
atomic oxygen beam used in Skurat et al.’s study had
translational energies of 2-4 eV and that O atoms are not
expected to react with pristine FEP Teflon at these energies
(20). With the use of a synchronized chopper wheel to
separate the VUV light from O atoms produced in an atomic
oxygen source, Tagawa and co-workers (16, 17) studied the
individual and combined effects of atomic oxygen and VUV
light on the erosion of a fluorinated polymer deposited on a
quartz-crystal microbalance (QCM). They found that 5-eV O
atoms alone accounted for the majority of the erosion and
that the effect of VUV light and O atoms together was an
additive, not synergistic, effect. This result was consistent
with an earlier investigation by Rutledge et al. in which they
exposed FEP Teflon samples in various configurations to an
oxygen plasma environment and determined that VUV light
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from the plasma had a negligible effect on the erosion yield
(25). On the other hand, Koontz et al. suggested that there
is a synergistic effect under the combined exposure of VUV
light and atomic oxygen (13). However, this result was
mainly based on thermal atomic oxygen. A synergistic effect
was also found in a study of VUV and O+ irradiation on FEP
Teflon by Grossman et al. (14, 15), where the energy of O+

was 50 eV.

The reactions of O atoms alone with fluorocarbon mol-
ecules have also been studied theoretically. With the use of
the Hartree-Fock method and density functional theory,
Gindulyte and co-workers (19) estimated a reaction barrier
of 3-3.25 eV for reactions of O(3P) with fluoropolymer
chains. They concluded that such reactions are possible
under LEO conditions where the O atoms possess transla-
tional energy relative to a spacecraft on the order of 4.5 eV.
Troya and Schatz (20) calculated the reactions of O(3P) with
small fluorocarbons using quantum mechanical and molec-
ular dynamics methods. They found that two reaction chan-
nels are possible, F elimination and direct C-C bond break-
age, with the barriers of 3 and 2.5 eV, respectively. Direct
C-C bond breakage was found to have a higher reaction
cross section than F elimination. Compared to the reactions
of O(3P) with the equivalent hydrocarbon molecules, both
reaction channels have very low reaction probability even
at a collision energy of 4.5 eV. However, the reaction cross
sections increase rapidly as the collision energy increases
above 4.5 eV.

In a series of beam-surface-scattering experiments, we
have studied the individual and combined effects of VUV
radiation and hyperthermal O/O2 or Ar on FEP Teflon
surfaces (24). We observed that O atoms alone do not react
with pristine FEP Teflon even when they have translational
energies up to 4 eV. Nevertheless, O-containing products
appear and increase rapidly in flux when the O-atom energy
increases above 4 eV. The signal also increases when there
is an addition of VUV radiation. We also found that energetic
collisions of O2 or Ar may break chemical bonds and lead to
the ejection of volatile products from an FEP Teflon surface.
This CID process increased in probability with the transla-
tional energy of the bombarding species and was enhanced
significantly in the presence of VUV radiation. Although
several individual and combined effects were observed, the
relative significance of these effects on the erosion of FEP
Teflon remained unclear.

In this paper, we present a study of FEP Teflon erosion,
which utilizes a combination of surface-recession and mass-
loss measurements (with a profilometer and a quartz-crystal
microbalance, respectively), with additional insight provided
by beam-surface-scattering experiments. As a model VUV-
light-sensitive polymer, poly(methyl methacrylate) (PMMA)
was also included in this study. Atomic oxygen erodes
PMMA, but relatively little is known about synergistic effects
of hyperthermal atomic oxygen and VUV light on this
material, and nothing is known about CID on PMMA sur-

faces. Individual and combined effects of O/O2, Ar, and VUV
light on the erosion of FEP Teflon and PMMA have been
identified.

2. EXPERIMENTS
2.1. Exposures and Erosion-Depth Measurements. The

exposure experiment was conducted in the source region of a
molecular beam apparatus (26-30). Pulsed, hyperthermal
beams containing O and O2 (O/O2) or Ar were produced by laser
breakdown in a source that is similar to the original laser-
breakdown source designed by Physical Sciences, Inc. (31). The
O/O2 beam contained 72% O and 28% O2. The average
translational energies of O and O2 were 5.4 and 9.7 eV,
respectively. The energy widths (full width at half-maximum,
fwhm) for O and O2 were 2 and 4 eV, respectively. Character-
ization of the beam has been performed to determine that the
hyperthermal O atoms are in their ground electronic state, O(3P)
(32), and that the O2 molecules in the beam are in their O2(3Σg

-)
ground state (33). These results establish that the exposure
environment used in our laboratory subjects materials to ground-
state O and O2. Hyperthermal Ar beams with average energies
of 8.3 and 10.5 eV were used. The energy widths were 2.7 eV
(fwhm). Translational energy distributions of the beams that
were used in this experiment are shown in Figure 1. Figure 1
also shows the effective translational energy distribution of O
atoms on ram surfaces in LEO at 400-km altitude (34). The
average energy is ∼4.5 eV, and the energy spread is about the
same as that of the hyperthermal O atoms in our experiment.
The laser-breakdown source also produces a broad spectrum
of light, presumably from the IR to the VUV and possibly into
the extreme ultraviolet (EUV). However, the spectrum and the
intensity have not been measured.

FIGURE 1. Translational energy distributions of hyperthermal O, O2,
and Ar beams used in our experiments. The average translational
energies of each beam are shown. The translational energy distribu-
tion of atomic oxygen striking the ram surface of a spacecraft in
LEO at an altitude of 400 km is plotted for comparison.
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Samples of test materials and of Kapton H (used for deter-
mination of the relative fluence) were exposed to the hyper-
thermal beams at a distance of 40 cm from the apex of the
conical nozzle source. A detailed description of the sample
mount can be found in an earlier paper (26). Nine samples can
be exposed simultaneously. The FEP Teflon and Kapton H
samples were punched from FEP Teflon and Kapton H sheets
(American Durafilm Co. and Dupont, respectively), and each
sample was 1.22 cm in diameter. PMMA samples were pre-
pared by dropping a solution of 20 wt % PMMA (Scientific
Polymer Products, Inc.; MW 15 000) in cholorobenzene on
1.22-cm-diameter germanium substrates and curing in a vacuum
furnace (Centurion VPM) at 120 °C for 10 h. The PMMA
thickness was typically >100 µm. A stainless-steel wire mesh
was placed on top of each sample so that the erosion depth
between the exposed and unexposed areas could be measured.
The area of the hyperthermal beam was sufficient enough that
all of the samples in the mount were exposed to an almost equal
flux. All samples in these experiments where erosion depth was
measured were exposed to 100 000 pulses of the hyperthermal
beam. For this number of pulses, the Kapton-equivalent O-atom
fluence was typically ∼2.3 × 1020 O atoms cm-2. After expo-
sure, samples were removed from the chamber and examined
by profilometry. The wire mesh allowed the measurement of
many steps on the exposed samples with the use of a Dektak-3
(Veeco Metrology Group) surface profilometer. The average
erosion depth and corresponding standard deviation for a given
sample were calculated from measurements of 30-40 different
step heights.

2.2. QCM Preparation. QCM samples were prepared on
0.5-in.-diameter QCM sensor disks. For PMMA samples, a
solution of 20 wt % PMMA in chlorobenzene was spin-coated
onto gold-coated QCM sensor disks at a spin rate of 2000 rpm
for 60 s. After spin coating, the samples were allowed to dry in
air and then placed in a vacuum furnace and cured at 120 °C
for 10 h. The PMMA films on the QCM disks were determined
by profilometry to be ∼2 µm thick. For fluorocarbon samples,
QCM disks were coated with fluorinated polymer films by a
plasma-assisted physical vapor deposition technique developed
at the Technology Research Institute of Osaka Prefecture (35).
The thickness of the fluorinated polymer films was 156 nm. The
morphology and chemical structure of the fluoropolymer films
have not been characterized.

2.3. VUV Exposure. For VUV light irradiation, a 30-W D2

lamp (Hamamatsu model L7292) was used. This lamp provided
continuous VUV radiation mainly in the wavelength range of
115-200 nm. Such a D2 lamp has been used extensively to
simulate the effects of solar VUV light on materials in the LEO
environment (36). The VUV exposure experiments were per-
formed at two locations in the machine, one in the hyperther-
mal beam source chamber and one in the main scattering
chamber. For VUV exposures in the source chamber, the
samples were either QCM samples or mesh-covered samples,
as described in section 2.1. The distance from the D2 lamp to
the samples was ∼40 cm. At this distance, the samples expe-
rienced an irradiance of ∼8 solar equivalents (or “suns”) in the
wavelength range 115-200 nm (37). In some experiments, a
1.5-in.-diameter LiF window was used to block the hyperther-
mal beam while still allowing the VUV light from the laser-
breakdown source and/or from the D2 lamp to reach the
samples. Note that LiF has excellent transmission from the IR
down to 104 nm (38, 39). With use of the LiF window, the effect
of VUV light alone on the samples could be studied. When the
VUV exposure experiments were performed in the main scat-
tering chamber, the distance between the lamp and the samples
was 15 cm. With the lamp at this distance, the sample surface
experienced ∼90 “suns” in the wavelength range 115-200 nm
(37). The samples were irradiated with continuous VUV radia-
tion, and time-of-flight (TOF) distributions of the products that

emerged from the surface were detected with the mass spec-
trometer. A detailed description of the setup can be found in
an earlier paper (24). TOF distributions at selected masses and
detector angles were collected as a function of the arrival time
at the detector ionizer, with modulation provided by a spinning
slotted disk placed between the sample surface and the en-
trance of the detector, 29 cm from the ionizer.

2.4. Beam-Surface-Scattering Experiment. The beam-
surface-scattering experiment was conducted in the main scat-
tering chamber and has been described in detail previously (24).
A major feature is the use of a synchronized chopper wheel
between the source and sample surface. The chopper wheel not
only blocks the VUV light from the hyperthermal beam source
but also provides the ability to select narrowed portions of each
overall beam. In the resulting translational energy distributions,
the typical fwhm for O and O2 are 1 and 2 eV, respectively. By
variation of the synchronization of the chopper wheel with
respect to the firing of the CO2 laser, different portions (energy
ranges) of the overall hyperthermal beam pulse may be se-
lected, thus allowing an investigation of the translational energy
dependence on reactivity.

3. RESULTS AND DISCUSSION
Photodegradation of PMMA is initiated with the removal

of the ester group and the formation of volatile methyl
formate, HCOOCH3, which leads to mass loss (40-43).
Figure 2A shows a representative TOF distribution of methyl

FIGURE 2. (A) Representative TOF distribution of volatile methyl
formate (HCOOCH3), detected at m/z ) 59, emitted from a PMMA
surface during exposure to an unfiltered D2 lamp placed 15 cm from
the surface. (B) Flux of methyl formate as a function of the exposure
time.
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formate, detected at a mass-to-charge ratio, m/z, of 59
(HCOOCH2

+), which was emitted from a PMMA surface upon
exposure to the D2 lamp in the main scattering chamber.
The flux of emitted methyl formate decreases with time, as
shown in Figure 2B. This decrease is relatively rapid, pre-
sumably because the VUV flux on the surface is high (∼90
suns in LEO). The removal of the ester group also leads to
the formation of C-C double bonds and cross-linking. The
rate of methyl formate liberation from a PMMA film has been
described by a diffusion model and has also been linked with
the thinning of the film (40).

The mass-loss rate for PMMA samples, determined from
QCM measurements, is shown in Figure 3. The QCM allowed
the mass loss of two samples, placed side-by-side, to be
measured simultaneously. For each exposure, a LiF window
covered one sample in order to block O/O2 or Ar in the
hyperthermal neutral beam while allowing VUV light in the
beam to reach the samples. Therefore, the amount of
erosion caused by the VUV light in the hyperthermal beams
could be evaluated. In the figure, the notation “Lamp” means
that the samples were exposed only to the D2 lamp. “O/O2”

or “Ar” means that the samples were exposed only to the
hyperthermal O/O2 or Ar beams. “Ar + Lamp” means that
the samples were exposed simultaneously to both the Ar
beam and the D2 lamp. As shown in the first trace in the
bottom panel of Figure 3A, PMMA erodes significantly from
the D2 lamp radiation, and the mass-loss rate decreases with
the exposure time. Subsequent traces in the bottom panel
of Figure 3A, which show the mass loss of the covered
sample when the O/O2 beam is on, reveal that the mass-
loss rate caused by the VUV light from the O/O2 source is
insignificant, only ∼10% of that caused by the D2 lamp and
∼0.5% of that caused by the O/O2 beam on the uncovered
sample (upper panel in Figure 3A). Given that the ap-
proximate VUV flux of the D2 lamp is ∼8 suns in LEO, the
mass loss of the covered PMMA sample suggests that the
effective VUV flux from the O/O2 source is slightly less than
1 sun. On the other hand, when PMMA is exposed to the
hyperthermal Ar beam, as shown in the first section of Figure
3B, the mass-loss rate caused by the VUV light in the Ar
beam is comparable to that caused by the D2 lamp. It
appears that the effective VUV light intensity in the Ar beam
is at least 5 times higher than that in the O/O2 beam. When
the traces in Figure 3B that give the mass-loss rate for the
Ar beam with and without the LiF window are compared, it
is clear that collisions of Ar atoms also contribute signifi-
cantly to the mass loss, presumably through CID. This
conclusion is reached by assuming that the EUV light from
the source with wavelengths below the LiF cutoff of 104 nm
has a negligible effect on the mass loss compared to the
effect of the VUV light that is transmitted by the LiF window.
The mass-loss rate caused by CID, as indicated by the
difference between the traces for covered and uncovered
samples during Ar exposure, decreases with time. The mass-
loss rate caused by the D2 lamp exposure also decreases with
time. Presumably, the decrease in the mass-loss rate caused
by either CID or photodissociation decreases with time in
part because photoinduced and collision-induced degrada-
tion of PMMA lead to cross-linking near the surface and
concomitant reduction in the ease by which volatile products
can be liberated. In addition, the mass-loss rate is expected
to decrease as the available methyl formate products are
used up. When adjacent traces for “Ar”, “Ar + Lamp”, and
“Lamp” are compared, it can be concluded that the mass-
loss rate resulting from the combination of the D2 lamp and
the Ar beam is slightly less than the sum of the mass-loss
rates resulting from the D2 lamp and the Ar beam acting
individually. Perhaps the combination of VUV light from the
Ar beam source and the lamp removes volatile products at
a high enough rate that Ar atoms find fewer pathways by
which to eject volatile products (by CID) than they do when
the radiation from the lamp is not present. Because Ar
collisions are always accompanied by VUV (and/or EUV) light
from the beam source, a determination of whether or not
there is a minor synergistic effect between VUV light and Ar
collisions cannot be drawn from this measurement.

QCM measurements of mass-loss rates for fluorinated
polymer films, under a variety of exposure conditions, are

FIGURE 3. PMMA mass-loss rate as a function of the exposure time
for (A) O/O2 beam exposure and (B) Ar beam exposure. The red
curves correspond to uncovered samples. The blue curves cor-
respond to samples covered by a LiF window. Different exposure
conditions were chosen during different time periods, as indicated.
“Lamp” means that the samples were only exposed to the D2 lamp.
“O/O2” or “Ar” means that the samples were only exposed O/O2 or
Ar beams, respectively. “Ar + Lamp” means that the samples were
exposed simultaneously to both the Ar beam and the D2 lamp.

A
R
T
IC

LE

656 VOL. 1 • NO. 3 • 653–660 • 2009 Zhang et al. www.acsami.org



presented in Figure 4. The samples were not covered with a
LiF window during the exposures. In the exposure sequence
shown in Figure 4A, the sample was first exposed to the D2

lamp, followed by exposure to the O/O2 beam, and then
simultaneous exposure of the O/O2 beam and the D2 lamp.
The mass-loss rate caused by VUV light from the D2 lamp is
less than 2% of that caused by the O/O2 beam. During O/O2

exposure, the mass-loss rate decreases with time, even when
the VUV light is added to the exposure. Apparently, the
fluorinated polymer film on the QCM disk was so thin that
the mass-loss rate caused by O/O2 continued to decrease
until the film was eroded through. In the first exposure
sequence (Figure 4A), the sample was completely eroded at
240 min. In the exposure sequence shown in Figure 4B, the
sample was exposed first to the Ar beam, followed by O/O2

exposure, and then the D2 lamp (with and without O/O2).
The mass-loss rate caused by the Ar beam was about 14%
of that caused by the O/O2 beam. On the basis of the results
presented in Figure 3B, the erosion caused by VUV (and/or
EUV) light in the Ar beam is about equal to that caused by
the D2 lamp. Given the extremely small mass-loss rate
caused by the D2 lamp alone and assuming a similar effect
of the VUV light from the D2 lamp and from the Ar beam
source, the majority (∼90%) of the erosion of the fluo-
ropolymer film must have been caused by CID from Ar. In
the exposure sequence shown in Figure 4C, the sample was
first exposed to the O/O2 beam, followed by additional D2

lamp exposure. The initial erosion rate caused by O/O2 (in
the first 10 min) is slightly less than that with pre-exposure
by the D2 lamp or the Ar beam. After the first 10 min of
exposure and before the film starts to erode through, the
mass-loss rates are similar. The difference in the initial
erosion rate is consistent with a mechanism in which pre-
exposure by VUV light or Ar atoms can create radical sites

on the surface, through photodissociation or CID, and
enhance the initial reactivity with the O/O2 beam. Once the
reactivity with O and/or O2 in the beam reaches a steady
state, the contributions from VUV light or Ar atoms are not
significant compared to the reactivity with the O/O2 beam.
It thus appears that the pre-exposure by VUV light or Ar
atoms may speed the approach to steady-state O (and,
perhaps, O2) reactions but that the VUV light or Ar atoms
cause negligible mass loss compared to the O/O2 beam.

A summary of the erosion-depth measurements from
various exposures is presented in Table 1. Except for Kapton
H reference samples, the numbers reported in the table
come from averages of recession measurements for two or
three identical samples that were exposed at different
positions on the sample mount. An exposure with the D2

lamp alone was conducted for 55.5 h in order to obtain
significant enough erosion that it could be measured with
reasonable precision. The table also lists the equivalent 14-h
measurement. (Note that 14 h was the exposure duration
for 100 000 pulses of the hyperthermal beam.) For PMMA
samples, the equivalent 14-h measurement is based on the
time dependence of PMMA mass loss under irradiation from
the D2 lamp, as measured by the QCM and fitted with a
function. For FEP Teflon samples, the equivalent 14-h
measurement is based on the assumption that the material
erodes linearly with time. The PMMA erosion from the D2

lamp alone is comparable to that from the VUV (and/or EUV)
light from the source that produces a 10-eV Ar beam, which
is consistent with our QCM measurement shown in Figure
3B. The erosion depth for uncovered PMMA samples in the
10-eV Ar beam is ∼60% higher than that for covered PMMA
samples, which must be the result of CID by Ar, assuming
negligible erosion from any EUV radiation that might be
produced by the Ar source. The erosion depth for uncovered
PMMA samples in the 10-eV Ar beam is slightly higher than
that in the 8-eV Ar beam. This slight increase in the erosion
depth is probably related to the difference in Ar collision
energy, assuming that the intensities of VUV (and/or EUV)
light in the two Ar beams are similar. A comparison of the
PMMA erosion for 8-eV Ar beams with and without the D2

lamp indicates an effect that is less than additive, which is
probably because the PMMA mass-loss rate caused by VUV
light is limited by diffusion of methyl formate out of the film
(40). When the covered PMMA samples were exposed to the
O/O2 beam, they were only slightly eroded. The erosion
pattern was visible, but the erosion depth was under the
detection limit of our profilometer, which is ∼0.1 µm on
these relatively rough surfaces. The erosion of PMMA by VUV
light, from either the D2 lamp or the VUV light in the O/O2

beam, is negligible compared to the erosion of the uncovered
PMMA sample in the O/O2 exposure. Given the uncertainties
in the erosion-depth measurements, the erosion depths of
PMMA caused by the O/O2 beam alone and in combination
with the D2 lamp are roughly the same, again reflecting the
negligible effect of the VUV light in comparison with O/O2.

The erosion results for the FEP Teflon samples are
analogous to those for the PMMA samples. The LiF-covered

FIGURE 4. Mass-loss rates of three different samples (A-C) of a
fluorocarbon polymer film as a function of the exposure time under
different exposure conditions as shown. The samples were not
covered by a LiF window. Different exposure sequences and condi-
tions were chosen for each sample, as indicated.
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FEP Tefon samples have no observable erosion pattern,
which indicates that the VUV light in both the Ar and O/O2

beams may only negligibly erode FEP Teflon. The small
erosion depths caused by exposure of FEP Teflon to the 8-
and 10-eV Ar beams suggest that hyperthermal Ar atoms
may erode this material by CID. There is also a small
enhancement in the erosion when the Ar beam energy
increases from 8 to 10 eV. In our previous beam-surface-
scattering experiment (24), we found that the flux of CID
products increases exponentially with beam energy once it
rises above 8 eV. Both our surface-recession and beam-
surface-scattering results are consistent with theoretical
calculations by Troya and co-workers (44, 45). Their studies
on Ar + CF4 and Ar + C2F6 collisions suggest that CID of the
perfluorocarbon molecule may be more likely than its
hydrocarbon analogue, CH4 or C2H6. Thus, for collisions of
a given energy, CF4 or C2F6 is more susceptible to CID than
CH4 or C2H6. The FEP Teflon erosion depth for the 8-eV Ar
beam with the D2 lamp is 0.24 µm, which is similar to the
sum of the erosion depths caused by exposure to the D2

lamp and the 8-eV Ar beam. This observation indicates an
additive effect between the Ar beam and the D2 lamp. Our
previous beam-surface-scattering experiment (24) showed
that the flux of the CID products was enhanced in the
presence of VUV light. As discussed in connection with the
results of the QCM experiments on PMMA, our erosion-depth
measurements cannot exclude the VUV (and/or EUV) light
from the Ar beam source. The additive effect observed here
appears to correspond simply to an addition of VUV light
from the D2 lamp. Nevertheless, the erosion caused by pure
CID or synergism between CID and VUV light is not signifi-
cant. On the other hand, the O/O2 beam erodes FEP Teflon
significantly. The erosion depth for FEP Teflon is about 17%
of that for Kapton H. Considering the densities of FEP Teflon
(2.14 g/cm3) and Kapton H (1.42 g/cm3), the mass loss of
FEP Teflon is about one-third of that of Kapton H. Given the
facts that the LiF-covered FEP Teflon sample in the O/O2

beam hardly eroded and that the QCM measurements with
the fluoropolymer (Figure 4) indicated no synergistic effect,
it is highly doubtful that the VUV component in the O/O2

beam contributes to the observed erosion depth of FEP
Teflon. The O2 component in the O/O2 beam has sufficient
energy (average energy ∼10 eV) to cause CID of FEP Teflon.
However, this CID effect on FEP Teflon erosion would be
insignificant. The O2 intensity in the O/O2 beam is less than

25% of the intensity of Ar atoms in the Ar beams, and the
effective flux of VUV (and/or EUV) light in the O/O2 beam is
less than 20% of that in the Ar beams, based on a compari-
son of PMMA mass loss. As seen in Table 1, the erosion
depth of uncovered FEP Teflon for the 10-eV Ar exposure is
0.15 µm, the majority of which is caused by CID. Twenty-
five percent of this surface recession is 0.038 µm, which is
about 3% of the erosion depth observed for O/O2 exposure.
Therefore, the contribution of the CID and VUV (and/or EUV)
light to the erosion of FEP Teflon by the O/O2 beam is
probably less than 3%. There is a small enhancement in the
erosion with the addition of the D2 lamp, which appears to
be roughly an additive effect. This result is consistent with
the work by Tagawa and co-workers (16, 17), who used a
synchronized chopper wheel to block the VUV (and/or EUV)
light from their atomic-oxygen source, found that 5-eV O
atoms alone account for the majority of the erosion of their
fluorinated polymer, and concluded that the effect of VUV
and O atoms together was an additive, not synergistic, effect.

The results on FEP Teflon erosion, in combination with
the PMMA results, lead us to the conclusion that O atoms,
and perhaps O2 molecules, in our hyperthermal O/O2 beam
react with FEP Teflon directly. This conclusion is strongly
supported by our beam-surface scattering experiment, as
well as experimental and theoretical results from other
groups. Figure 5 shows TOF distributions of an O-containing
product, detected at a mass-to-charge ratio of m/z ) 47
(CFO+), at different O-atom energies. It is important to point
out that the O/O2 beams used for the beam-surface scatter-
ing experiment utilized a synchronized chopper wheel so
that the VUV (and/or EUV) light in the beam was blocked.
The figure shows that the CFO+ signal (with a flight time in
the vicinity of 200 µs) appears at an O-atom energy of ∼4.4
eV and increases with beam energy. We have observed
similar behavior for another O-containing product, detected
at m/z ) 66 (CF2O+). Note that CFO+ and CF2O+ signals were
also observed in an earlier study that reported the mass
spectra of volatile products formed when a hyperthermal
O-atom beam bombarded an FEP Teflon surface (21). We
should also point out that the signals for CFO+ and CF2O+

are very weak. Nevertheless, the observation of O-containing
signals in the absence of any VUV radiation is direct evidence
of O-atom reactions with pristine FEP Teflon. Once there are
radical sites at the FEP Teflon surface, the O2 molecules in
the beam may also react with it. This is supported by an

Table 1. Erosion-Depth Measurements of Exposed FEP Teflon and PMMA Samplesa

exposure condition
uncovered FEP

Teflon (µm) uncovered PMMA (µm)
FEP Teflon covered

with LiF window (µm)
PMMA covered with

LiF window (µm) Kapton H (µm)

55.5-h D2 lamp 0.35 ( 0.05 0.41 ( 0.07 - - no erosion
equivalent 14-h D2 lamp 0.09 ( 0.01b 0.25 ( 0.04c - - no erosion
14-h O/O2 1.22 ( 0.14 10.9 ( 1.1 no erosion <0.1 7.0 ( 0.1
14-h O/O2 + D2 lamp 1.46 ( 0.12 10.4 ( 1.1 - - 7.1 ( 0.1
14-h Ar (8 eV) 0.12 ( 0.03 0.32 ( 0.05 - - no erosion
14-h Ar (8 eV) + D2 lamp 0.24 ( 0.03 0.42 ( 0.06 - - no erosion
14-h Ar (10 eV) 0.15 ( 0.02 0.39 ( 0.05 no erosion 0.24 ( 0.04

a The errors represent the standard deviation ((σ) of 30-40 measurements taken on 1-3 samples of each type. The dash symbol, “ - ”,
means there was no sample exposed under that condition. “No erosion” means there is no erosion pattern on the sample visible with the naked
eye or optical microscope. “< 0.1” means there is a visible erosion pattern, but the erosion depth is too small to be accurately determined with
our profilometer. b Converted from “55.5-h D2 lamp” based on a linear relationship. c Converted from “55.5-h D2 lamp” based on our QCM
measurement of mass loss as a function of the exposure time.
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electron spin resonance study by Rasoul et al. (23), who
observed peroxy radicals on a VUV-exposed FEP Teflon
surface when it was exposed to air. As mentioned in the
Introduction, Gindulyte and co-workers calculated a reaction
barrier of 3-3.25 eV for reactions of O(3P) with fluoropoly-
mer chains. They thus concluded that such reactions are
possible at a collision energy of 4.5 eV. Troya and Schatz
(20) performed calculations on the reactions of O(3P) with
small fluorocarbons and found two reaction channels, F
elimination and direct C-C bond breakage, with barriers of
3 and 2.5 eV, respectively. Direct C-C bond breakage has a
higher reaction cross section, but both reaction cross sec-
tions are very low even at a collision energy of 4.5 eV. Above
that, the reaction cross sections increase rapidly with the
collision energy, which is consistent with what is observed
in the data shown in Figure 5.

The experiments described above give us the origin of
FEP Teflon erosion in the exposure environment created by
the laser-breakdown O/O2 source in our apparatus. Even
though the mechanisms of FEP Teflon erosion depend on
the details of the exposure environment, the insight gained
here may still help explain the erosion of FEP Teflon in LEO
and in other ground-based test environments that contain
atomic oxygen. In the LEO environment, for example, at 400
km altitude, the average O-atom impact energy is about 4.5
eV with a fwhm of 2 eV, as shown in Figure 1A. At these
collision energies, especially in the higher-energy part of the
distribution, O atoms can react directly with FEP Teflon and
produce volatile CmFnOp (where m, n, and p are integers
greater than or equal to zero) products and carry mass away
from the surface. Collisions of charged particles and ions
may also contribute to FEP Teflon erosion. Note that the
intensity of the VUV light from the lamp in our exposure
experiment is about 8 “suns” and the O-atom flux is similar
to or larger than that in LEO. Moreover, both the flux and
energy of Ar atoms in our exposure experiment are much
higher than those of N2 molecules in LEO. Yet in our QCM

and erosion-depth experiments, the effects of VUV light and
CID on the erosion of the fluorinated polymer film and FEP
Teflon are small. Therefore, the solar VUV and CID from N2

collisions in the LEO environment are not expected to
contribute significantly to FEP Teflon erosion. The VUV light
and CID can produce radical sites on an FEP Teflon surface
and enhance O-atom reactivity, as discussed in connection
with Figure 4. Nevertheless, we have seen much evidence
that hyperthermal O atoms can react directly with an FEP
Teflon surface, and such direct reactions likely dominate the
erosion of the surface at moderate fluxes of VUV photons
or energetic collisions. As a final note, the FEP Teflon erosion
yield measured in our laboratory, i.e., 5.2 × 10-25 cm3 per
O atom, is about 17% that of Kapton H, although the erosion
yield of FEP Teflon in LEO is typically much lower, 6.7% that
of Kapton H from an experiment on the International Space
Station (46). The higher relative erosion yield of FEP Teflon
that we observe is likely the result of the relatively high
O-atom energies used in the laboratory experiments. The
average effective energy of an O atom striking a surface on
orbit is ∼4.5 eV, whereas our experiments utilized an
average O-atom energy of 5.4 eV. This difference is not so
significant for Kapton H, which erodes readily under attack
from O atoms with either energy. However, the reactivity
of FEP Teflon with O atoms increases dramatically as the
O-atom energy rises from 4.5 to 5.4 eV, making the differ-
ence between the effective O-atom collision energy in space
and the O-atom energy in our laboratory significant.

4. CONCLUSION
Mass-loss and erosion-depth measurements, as well as

beam-surface scattering experiments, have been conducted
to probe the individual and combined effects of VUV light,
high-energy collisions, and atomic oxygen on the erosion of
FEP Teflon and PMMA. The results for FEP Teflon and PMMA
are similar: (1) VUV light breaks bonds and leads to volatile
products and mass loss. (2) Energetic collisions of Ar with

FIGURE 5. Representative TOF distributions of reactively scattered, O-containing products, detected at m/z ) 47 (CFO+), following the
bombardment of a pristine FEP Teflon surface by hyperthermal O/O2 beams at different translational energies. The incidence and detection
angles were both 60° with respect to the surface normal. The incidence energy in each panel is the average translational energy of the O
atoms in the beam; the incidence energy of O2 is twice as high.
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>8 eV translational energy also break bonds through CID
and lead to volatile products and mass loss. (3) O atoms with
translational energies of less than ∼4.4 eV do not react with
pristine FEP Teflon. Once above this energy, O atoms can
react directly with FEP Teflon, and the reactivity increases
rapidly with the O-atom energy. (4) The erosion yields of FEP
Teflon and PMMA by the hyperthermal O/O2 beam in our
apparatus are significant, ∼17% and ∼150% of Kapton H,
respectively. (5) The contributions of VUV light and CID to
the erosion of FEP Teflon and PMMA are not significant
compared to that of O/O2 exposure. (6) There is no syner-
gistic effect between O atoms and VUV light or CID in the
erosion of FEP Teflon or PMMA.
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