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Modi� cation of a 5-eV Atomic-Oxygen Laser Detonation Source
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The present work describes the modi� cation of a commercial pulsed laser detonation source, used for simulating
the low Earth orbit 5-eV atomic-oxygen environment. In this facility the pulsed atomic-oxygen beam originates
from a plasma and is accompanied by high levels of vacuum-UV radiation. Thus, the exposure of materials to
the atomic-oxygen beam is therefore an exposure to a combined atomic-oxygen and vacuum-UV environment
creating synergistic erosion effects. A simple, low-cost system, based on the selective re� ection of oxygen atoms,
was developed in order to remove the vacuum-UV component from the atomic-oxygenbeam. This system re� ected
about 50% of the original atomic-oxygen content. The vacuum-UV content in the re� ected atomic-oxygen beam
was reduced to 0.03% of its content in the original atomic-oxygen beam. Chemical changes occurring in Kapton
HN and Tefzel (ethylene-tetra� uoroethylene copolymer) under vacuum-UV irradiation were used to prove that
the re� ected residual vacuum-UV radiation has no effect on the tested polymers.

Introduction

T HE main constituent of the residual atmosphere at low Earth
orbit (LEO) at altitudesrangingfrom200 to 700km, that is con-

sidered hazardous to materials, is atomic oxygen (AO). Other space
environmental hazards affecting polymers’ properties at this envi-
ronment are UV radiation, ionizing radiation (electrons, protons),
high vacuum, micrometeoritesand debris as well as thermal cycles.
The interactionof the LEO constituentswith the outer surfacesof a
satellite can result in materials degradation,modifying their chemi-
cal, electrical,thermal,opticaland/ormechanicalproperties.1¡4 The
need for ground simulation systems to study the space environment
stems from the high cost and very limited availability of in-� ight
experimentsas well as the demands for accelerated tests simulating
long-durationmissions. A variety of ground simulation facilities is
used for studying materials degradation under AO attack including
plasma sources, ion neutralization,electron stimulation desorption,
photodissociation, and supersonic and laser detonation sources.5;6

The laser detonation source,7;8 produces 5 eV oxygen atoms (same
speciesand similar energy as AO in LEO), and sourcesbasedon this
design are now used in several laboratories. One of the drawbacks
of the source is the formation of plasma, which generates very high
levels of vacuum-UV (VUV) radiance. Therefore, the laser detona-
tion source should be considered more as a AO C VUV synergistic
source, rather than a pure AO source, complicating and sometimes
even preventing the characterizationof AO effects on materials.

In the present work we demonstrate a simple and low-cost solu-
tion of excludingthe VUV radiationfrom the AO beam. The method
is based on using a quartz plate mounted in a way in which oxygen
atoms are re� ected toward the sample holder while UV/VUV radi-
ation is absorbed by the quartz plate.
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Experimental
A schematic diagram of the laser detonation source is shown in

Fig. 1. The principle of its operation is based on introducing an
O2 gas pulse into a conical nozzle and � ring a laser light pulse as
the gas begins to expand into the nozzle. The laser pulse initiates
plasma that expands into the conical nozzle, forming a detonation,
and generates a beam, which consists mainly of fast neutral oxygen
atoms. These atoms have an adjustable average velocity between 5
and 13 km/s. (The average velocity of O atoms in space is 8 km/s
corresponding to 5eV.) This source is capable of producing beams
containing O atoms � uxes of more than 1015 atoms/cm2 ¢ s at a dis-
tance of 50 cm from the edge of the conical nozzle. The VUV
radiation associated with each atomic oxygen pulse for the spec-
tral range of 115–180 nm, at a distance of 40 cm, was measured as
2:4 £ 10¡2 W/cm2 (Ref. 9). Because the solar radiance at this spec-
tral range is 2:4 £ 10¡6 W/cm2 (Ref. 10), the samples are exposed
to 1:0 £ 104 equivalent suns (E.S.).

To separate between the AO beam and the VUV radiation asso-
ciated with it, a re� ection system was developed as described in
Fig. 2. The main sample holder (SH1) is mounted perpendicularto
the AO beam at a distance of 40 cm with an effective AO cover-
age area of 20 £ 20 cm2 . Samples on SH1 are exposed to both AO
and VUV in the main beam. The system was modi� ed by adding a
new sample holder plate (SH2) on the edge of SH1 in an angle of
79 deg in such a way that SH2 surface was parallel to AO beam. At
this angle no VUV or nonre� ected oxygen atoms could reach the
samples attached to SH2. In addition, a quartz plate was placed in
an angle of 45 deg to SH2 surface. The re� ection plate is designed
for 1) re� ection oxygen atoms toward the sample holder mounted
in parallel to the AO beam axis (SH2) and 2) elimination of UV
radiation that could reach the sample holder by absorption.

Evaluation of the Quartz Plate VUV and AO Re� ection Ef� ciencies
The re� ected AO � ux was evaluated by Kapton mass loss. The

residual VUV � ux was measured by a Cs-I phototubedetector sen-
sitive to UV in the range of 115–200 nm. The detectorwas mounted
on SH2 in a way allowing only the quartz window re� ected VUV
to enter the detector active area. The main beam VUV radiation
intensity was measured in a similar way, using a Cs-I phototube
detector, which was located in front of the main beam source. To
prevent saturation of this detector, because of the high intensity, a
� lter with a 2.5% transmittance was attached to it. Only a minute
� ux of re� ected UV was measured by this technique. The effect
of the residual UV � ux on polymers degradation was assessed by
studying the chemical changes which occur in Kapton and Tefzel
TFE/ET irradiated by AO alone compared to AO C VUV.
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Fig. 1 Schematic diagram of the laser detonation AO source.

Fig. 2 Schematic diagram of the AO quartz re� ection plate.

Exposure and Analyzing Procedures
The samples were exposed to various environments including

AO C VUV, AO, and VUV. Exposure to AO C VUV was achieved
by the direct beam (on SH1). Exposure to AO involved the indirect
beam (samples on SH2). Exposure to VUV was achieved by cov-
ering the samples by MgF2 window, which is fully transparent to
VUV in the range of 115 nm and above.The AO � uence in the direct
beam at ambient temperature was 5 £ 1019 atoms/cm2, determined
by Kapton calibration (see next paragraph).

Mass loss measurements were used to evaluate the erosion yield
of the exposed materials. Chemical changes, occurring at the sur-
face as a result of the various radiation scheme, were measured by
x-ray photoelectronspectroscopy(XPS). The XPS spectra were de-
rived using a nonmonochromatized Mg K® radiation (1253.6 eV)
and a hemispherical CLAM 2 (VG microtech) analyzer operating
at a pass energy of 100 eV for survey scans and 20 eV for high-
resolution scans. The binding energy scale was calibratedusing the
Ag 3d5/2 line at 368.25 eV (Ref. 11). In the C-F-O system XPS
data provide details about local bonding between C, F, and O as a
result of wide separationof C1s peaks as a function of the degree of
� uorination/oxidation.The bindingenergyof the C1s core level line
changes from 285.7 eV for C H ( C C ) to 292.5 eV for C F
bonding states.12 Sample charging, however, shifted the XPS lines
between 2 and 5 eV. In the present study this shift was corrected by
assuming that the binding energy of the lowest C 1s component is
284.7 eV for Kapton and 286.4 eV for ethylene-tetra� uoroethylene
(TFE/ET).13

Materials
Kapton HN and Tefzel (ethylene-tetra�uoroethylenecopolymer)

TFE/ET were used in this research for evaluating the effect of the
minute re� ected VUV � ux on polymers as well as for AO � ux cali-
bration.Kapton NH was used for calibrationof the AO � ux because
its erosionrate is well established14 andequalsto 3:0 £ 10¡24 cm3/O.
Kapton was also used for evaluationof the re� ected VUV effect be-
cause it exhibits a ¼ -¼ ¤ shake-up peak in the C1s XPS core-level
line (see details in the following).

Tefzel TFE/ET was used because it is a � uoropolymer that is
etched under VUV radiation, revealing chemical changes. Tefzel
has the following chemical structure:

[ CH2 CH2 CF2 CF2 ]n

The Tefzel samples were exposed to VUV generated by the main
AO beam (samples covered by MgF2 window mounted on SH1)
and VUV re� ected by the quartz plate (samples covered by MgF2

window mounted on SH2). XPS was used to study the effect of the
VUV radiation on the C F bonds that are most sensitive to VUV
bombardment. All samples were 2 £ 2 cm2 in size and were dry
cleaned in a vacuum of 10¡2 mbar at a temperature of 80±C for
4 h prior to the initial mass measurement and introduction into the
simulation facility.

Results
VUV Flux

The averagepulse intensity of the VUV radiation re� ected by the
quartz window was measured as 6:4 £ 10¡5 W/cm2 as compared to
VUV intensityof 2:4 £ 10¡2 W/cm2 measured in the main AO beam
pulse. In addition the full width at half-maximum (FWHM) of the
main beamVUV pulsewas eight timeswider than the re� ectedVUV
pulse, indicating an energy reduction factor of 3000. The solar irra-
diance at the range of 115–180 nm is 2:4 £ 10¡6 W/cm2 (Ref. 10).
Because the FWHM of the main beam VUV pulse is about 100 ¹s
and 1 £ 106 shots are required in order to achieve the maximal AO
� uence in the main beam (5 £ 1019 O atoms/cm2), it can be shown
that the maximal VUV � uence in the re� ected beam was less than
0.1 equivalent sun hours.

Kapton XPS Spectra and Mass Loss
The pyromellitic dianhydride-oxydianiline (PMDA-ODA) poly-

imide (Kapton) structure is shown in Fig. 3. As a result of the six
different carbon bonding states of the carbon, the XP spectrum is
composed of six peaks having different binding energies (BE). In
addition, there is a ¼ -¼ ¤ shake-up peak, originating from the aro-
matic group, at a higher BE. The assigned BE of the differentpeaks
are summarized in Table 1.

Figure 4 shows high-resolution C1s core-level line of Kapton
pristine sample and its curve � tting with C1s lines originating from
carbon with the different chemical states. The peaks origin is de-
scribed in Fig. 3, and the assignedBE are summarized in Table 1. A
similar curve � tting was done for Kapton C1s spectra after exposure
to net AO � ux, VUV irradiation, and combined AO and VUV � ux.
The relative intensity of the shake-up peak, measured for each ex-
posure condition, is shown as a function of the exposure conditions
in the inset of Fig. 4 and here: 9.2% shake up for unexposed, 9.2%

Table 1 Poly(ether imide)
(Kapton HN) C1s BEs

Parameter BE, eV

1 284.7
2 285.6
3 285.7
4 285.8
5 286.3
6 288.6
7 290.8

Fig. 3 Pyromellitic dianhydride-oxydianiline (PMDA-ODA) poly-
imide (Kapton) structure.
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Fig. 4 Curve � tting of high-resolution XPS C1s core-level line of
Kapton pristine sample. The inset shows the shake-up peak relative
intensity as a function of the various exposures.

Fig. 5 High-resolution XPS C1s core-level lines obtained from Tefzel
TFE/ET a) before and b) after exposure to re� ected VUV and c) VUV
originating from the main AO + VUV beam.

for AO exposure, 7.7% for VUV exposure, and 6.6% for AO/VUV
exposure. The shake-up peak contribution of 9.2% for the pristine
sample was not affected by the AO exposure. Exposure to VUV
caused reduction of the shake-up peak concentration to 7.7% with
further reduction to 6.6% after exposure to the combined environ-
ment of AO/VUV.

Kapton mass loss rates of about 18 and 9 ¹g/h were measured for
samples exposed to the combined environment of AO C VUV and
to the re� ected AO beam, respectively. Exposure to VUV alone,
originating from the main AO C VUV beam, as well as from the
re� ected quartz plate, revealed no mass loss at all.

Tefzel XPS Spectra
Figure 5 shows high-resolution XPS Tefzel TFE/ET (ethylene-

tetra� uoroethylene copolymer) C1s spectra of pristine sample
(a) after exposure to VUV � ux generated by the main AO beam
(b) and after exposure to the re� ected VUV � ux (c). The C1s spec-
trum is composed of two major peaks at 286.4 and 290.9 eV orig-
inating from two different carbon bonding states: C C bonds
(286.4eV) and CF2 (290.9eV). Figure 5 demonstratesthe changes
in the C1s line shape following an exposure to VUV generated by
the main AO source and by the re� ecting quartz plate. The main
effect is the reduction of the C1s peak at 290.9 eV after exposure to
the VUV generated by the main source. The sample exposed to the
re� ected VUV is showing a similar C1s curve to that of the unex-
posed reference sample. The reduction in the CF2 bonds (Fig. 5c)
is associated with the reduction of the � uorine content of the sam-
ple (Table 2), estimated from the F1s line intensity.VUV irradiation
originatingfrom the main AO C VUV beam caused� uorine content
reduction of about 30% (from 55.1% of pristine sample to 25.7%).
The re� ected VUV beam, however, did not cause any signi� cant

Table 2 C and F surface elemental composition of Tefzel
before and after exposure to VUV from different sources

C

VUV source C C C F F F/C

Unexposed 24.3 20.6 55.1 1.23
Re� ected 24.0 22.3 53.7 1.16
Main AO beam 56.6 17.7 25.7 0.35

reduction in the � uorine content, (the � uorine content was reduced
by only 1.5%). Table 2 displays these changes in the F/C ratio.

Discussion
The laser detonation AO source developed by Physical Sciences

(PSI) is one of the common advanced sources for generating hy-
perthermal (5 eV) atomic oxygen for simulating LEO environment.
The source is based on � ring a CO2 laser beam at a nozzle in which
O2 gas is introduced through a pulsed valve. The light pulse pro-
duces high-temperaturehigh-densityplasma that expands, creating
a detonation wave that forms the directional hyperthermal O/O2

oxygen beam. One of the drawbacks of the laser detonation source
is the formation of VUV radiation with each pulse of AO � ux.15 As
demonstrated earlier, the samples could be considered as receiving
a 1:0 £ 104 E.S. Therefore, the laser detonationsource environment
should be consideredmore as a synergistic environment rather than
an AO environment only.

One of the ways of removing the VUV radiation from the AO
beam is using a chopper. However, the use of a chopper requires
synchronizationof the whole system and could be complicated and
costly. A much simpler and cheaper solution is demonstrated in the
present work. The present method is based on using a UV quartz
plate mounted as described in the experimental part. The purpose
of the plate is twofold: 1) it should re� ect the oxygen atoms to a
sample holder mounted in parallel to the AO beam axis, and 2) it
should prevent the irradiationof the sample by VUV formed by the
AO source.

Kapton mass loss was used for estimating the ef� ciency of the
re� ecting plate in regard to the AO � ux. The Kapton erosion rate
of samples exposed to the AO beam alone was about 50% of that
obtained for samples positioned in front of the AO C VUV beam.
The lower erosionrate could be a result of the lack of VUV radiation
in the AO beam, lower re� ected oxygenatoms energy, or low atoms
re� ection ef� ciency. Recent results,16 using in situ quartz crystal
microbalance measurements and thermal oxygen atoms, show also
that the removal of the VUV from the AO beam affects the Kapton
erosion rate by about50%. Assuming inelasticcollisionbetween the
AO and the re� ectorplate, this indicatesthat the re� ectionef� ciency
should be much higher then the measured 50%.

The main objective of using the re� ecting plate was however
to prevent any re� ection of VUV radiation toward the irradiated
samples. The phototube detector measurements indicated that the
quartz re� ecting window did not absorb the whole VUV radia-
tion, and a small portion of it (6:37 £ 10¡5 W/cm2 , equivalent to
4:9 £ 108 photons/cm2 ¢ s) was re� ected toward the new sample
holder (SH2). This � ux represents only 1:6 £ 10¡4 % of the sun
� ux in the spectral range below 180 nm. Because the quartz re� ec-
tion plate did not prevent the re� ection of the VUV � ux entirely,
the question was whether the residual VUV � ux could cause any
detectable etching or synergistic effects in the exposed polymers.

Tefzel was selected for studying the residualVUV effect because
its chemical content, and especially the � uorine to carbon (F/C) ra-
tio, is very sensitive to VUV. The XPS C1s core-level line of Tefzel
consists of two major peaks at 286.4 and 290.9 eV originating from
two different carbon bonding states: C C bonds (286.4 eV) and

C F2 (290.9 eV). Exposure of Tefzel to VUV results in scission-
ing of the C C bond and release of volatile fragments Cn Fm

(Ref. 17). The degradation is associated with a decrease in the � u-
orine content (Table 2) and in the C1s peak intensity at 290.9 eV
(Fig. 5c) that originates from C F bonds (see the preceding infor-
mation). Exposure to re� ected AO � ux, however, shows almost no
effect on the C1s peak at 290.9 eV (Fig. 5b), indicating that the
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minute amount of the VUV re� ected by the quartz plate has no
effect on the chemical structure of the Tefzel surface.

XPS spectrum of polymers with aromatic groups is character-
ized by the presence of a ¼ -¼ ¤ shake-up peak, which is a result of
electronic excitation of the ¼ -electron system on an aromatic ring
by a photoelectron.18 The shake-up peak can be observed in the
C1s and O1s spectra of unexposed Kapton samples. AO exposure
causes surface reactions, modifying only the � rst few atomic layers
(»1 nm).5 Because the XPS probing depth is about 5–8 nm, the
obtained spectrum is a combination of damaged and undamaged
layers. Kapton samples that were exposed to AO in LEO environ-
ment revealed a ¼ -¼ ¤ shake-up peak in the similar to the pristine
samples XPS spectra.19 However, exposure of Kapton in an oxygen
radio frequency (rf) plasma asher reduced the ¼ -¼ ¤ shake-up peak,
indicating a much deeper damage compared to space exposed Kap-
ton. Because the RF plasma species have thermal energies, the only
plasma component energetic enough to penetrate and react with
the bulk material well below the XPS probing depth is the VUV
component.19

We used the ¼ -¼ ¤ shake-up peak to detect whether the re� ected
VUV, re� ected by the quartz plate, might affect the sample chem-
istry. Pristine Kapton sample shows (Fig. 4) a ¼ -¼ ¤ shake-up con-
tribution of 9.2%. Exposure to the re� ected AO beam with residual
VUV produced exactly the same result. Exposure to VUV origi-
nating from the main beam (obtained by using a MgF2 window)
exhibits a decrease in the ¼ -¼ ¤ shake-up peak intensity from 9.2 to
7.7%, indicating a destruction of some of the aromatic groups by
the VUV radiation. The result of exposing Kapton to a combined
VUV C AO irradiation shows a lower ¼ -¼ ¤ shakeup peak intensity
with a valueof 6.6%.The importantconclusionof theseexperiments
is that the residualVUV, associatedwith the re� ected AO beam, did
not cause any observable damage to Kapton samples.

Both XPS results, obtained from the Kapton and Tefzel samples
exposed to re� ected AO and VUV, clearly indicate that there is no
measurable degradation effect as a result of the minute amount of
re� ected VUV. Therefore, the re� ecting quartz plate can be consid-
ered as a device for producing“clean” AO environment,as opposed
to the original AO C VUV beam.

Conclusions
A simple and a low-costway for eliminatingthe VUV component

in the AO beam of a laser detonationAO source was presented.The
design is based on a quartz re� ection plate that re� ects the O atoms
and absorbs most of the VUV � ux. The re� ection plate re� ects the
main beam O atoms with a reaction ef� ciency of about 50%. It
was experimentally demonstrated that the very small amount of the
VUV � ux re� ected by the quartz plate (0.03% of the VUV � ux
in the main AO C VUV beam) causes no chemical changes in the
studied polymers (Kapton HN and Tefzel TFE/ET).

References
1Reddy, 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.

5Minton,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, Vol. 11, edited by
R. A. Dressler, World Scienti� c, Singapore, 2001, p. 420.

6Proceedings of the 13th Space Simulation Conference, NASA CP 2340,
1984, pp. 133–227.

7Caledonia, G. E., Krech, R. H., and Oakes, D. B., “Laboratory Studies
of Fast Oxygen Atom Interactions with Materials,” Proceedings of the 6th
ISMSE, ESA, SP-368, Noordwijk, The Netherlands, 1994, pp. 285–290.

8Cazaubon, B., Paillous, A., Siffre, J., and Thomas, R., “Five-Electron-
Volt Atomic Oxygen Pulsed-Beam Characterization by Quadropolar Mass
Spectrometry,” Journal of Spacecraft and Rockets, Vol. 33, No. 6, 1996,
pp. 870–876.

9Cazaubon,B., “Etudepar Spectrometrie de Masse Quadripolaired’un Jet
Pulse d’Oxygene Atomique et de son Interaction avec les Materiaux,” Ph.D.
Thesis, Physique et Sciences de Materiaux, l’Ecole Nationale SUPAERO,
Toulouse, France, Dec. 1996, p. 105.

10“Standard Solar Constant and Zero Air Mass Solar Spectral Irradiance
Tables,” American Society for Testing and Materials, ASTM E 490, West
Conshohocken, PA, Dec. 1999.

11Seah, M. P., and Smith, G. C., “Appendix 1—Spectrometer Energy
Scale Calibration,”Practical Surface Analysis, Volume 1—Auger and X-Ray
Photoelectron Spectroscopy, edited by D. Briggs and M. P. Seah, Wiley,
New York, 1983, p. 531.

12Beamson, G., and Briggs, D., High Resolution XPS of Organic Poly-
mers, Wiley, New York, 1992, pp. 266, 267.

13“NIST XPS Database,” Ver. 2.0, compiled and evaluated by C. D.
Wagner, C. J. Powell, J. W. Allison, and J. R. Rumble Jr., StandardReference
Data Program, National Inst. of Standards and Technology, Gaithersburg,
MD, 1997.

14Minton, T. K., “Protocol for Atomic Oxygen Testing of Materials in
Ground Based Facilities,” Ver. 2, Jet PropulsionLab., Publ. 95-17,Pasadena,
CA, Sept. 1995.

15Weihs, B., and Van Eesbeek, M., “Secondary VUV Erosion Effects on
Polymers in the ATOX Atomic Oxygen Exposure Facility,” Proceedings of
the 6th ISMSE, ESA, SP-368, Noordwijk, The Netherlands, 1994, pp. 277–
283.

16Grossman, E., Gouzman, I., Lempert, G., Noter, Y., and Lifshitz, Y.,
“Assessment of Atomic Oxygen Flux in LEO Ground SimulationFacilities,”
Journal of Spacecraft and Rockets (submitted for publication).

17Grossman, E., Noter, Y., and Lifshitz, Y., “Oxygen and VUV Irradi-
ation of Polymers: Atomic Force Microscopy (AFM) and Complementary
Studies,” Proceedings of the 7th ISMSE, ESA, SP-399, Toulouse, France,
1997, pp. 217–223.

18Nakayama, Y., Persson, Lunnell, P. S., Kowalczyk, S. P., Wannberg, B.,
and Gelius, U., “High Resolution X-Ray Photoelectron Spectroscopy
and INDO/S-CI Study of Core Electron Shakeup States of Pyromellitix
Dianhydride-4,40-Oxydianiline Polyimide,” Journal of Vacuum Science and
Technology A, Vol. 17, No. 5, 1999, p. 2791.

19Golub,M. A., Wydeven,T., and Cormia, R. D., “ESCA Studyof Kapton
ExposedtoAtomicOxygenin LowEarthOrbit orDownstreamfrom aRadio-
Frequency Oxygen Plasma,” Polymer Communications, Vol. 29, Oct. 1988,
p. 285.

D. L. Edwards
Associate Editor


