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ABSTRACT

A workshop was held November 10-11, 1987 in Pasadena, California
addressing the scientific issues concerning the effects of atomic
oxygen on materials in the low earth orbital (LEO) environment®
The workshop program included eighteen invited speakers plus
contributed posters covering topics such as LEO spaceflight
experiments, interaction mechanisms, and atomic oxygen source
development. Discussion sessions were also held to organize a
test program to evaluate atomic oxygen exposure facilities® The
key issues raised in the workshop are: 1) the need to develop
a reliable predictive model of the effects of long-term exposure
of materials to the LEO environment, 2) the ability of ground-
based exposure facilities to provide useful data for development
of LEO durable materials, and 3) accurate determination of the
composition of the LEO environment® These proceedings include
manuscripts submitted by the authors of the invited papers, the
abstracts for the contributed posters, and an account of the
test program discussion sessions.
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Foreword

This workshop, hosted by the Jet Propulsion Laboratory, was held
November 10-11, 1986 in Pasadena, California. The focus of the
workshop was the effect of atomic oxygen on materials in the
low earth orbit (LEO) environment. The primary goal of the
workshop was to provide a forum for scientific discussion to
define the elements necessary in a research program to fully
characterize atomic interactions with materials. A secondary
goal of the workshop was to formulate a test program which
would evaluate the various atomic oxygen exposure facilities.
The workshop was attended by over one hundred participants
representing a very broad spectrum of technical areas relevant
to the atomic oxygen problem.

Since the identification of atomic oxygen as a key element in
the erosion of thermal blanketing materials in early shuttle
missions, the degradation of materials caused by long-term
exposure to atomic oxygen impacting material surfaces at LEO
velocities (8 km/sec) has become an area of major concern in
material selection for Space Station and other long projected
life LEO missions. This workshop was organized to present the
current level of understanding of the problem to an audience
of widely varying areas of expertise such as experimental and
theoretical chemical physics, chemistry, polymer and material
sciences, spacecraft hardware design, etc. A more important
aim, though, was to gain insight from experts in the above areas
whose work has not been focussed on the atomic oxygen problem.
These participants offered fresh, innovative points of view to
the issues addressed during the workshop and often led some very
stimulating discussions. The key issues raised in the workshop
lie in three areas:

1) The ability to develop a reliable predictive model
to assess the effects of long-term exposure of
materials to the LEO environment;

2) The ability of ground-based simulation facilities
to provide meaningful data in the development of
LEO durable materials; and

3) Aeronometric determination of the compositional
details of the low earth orbital environment.

The presentations at the workshop demonstrated the significant
effort under way in NASA centers, at various universities and
in private corporations attempting to address the above issues.
A subsequent workshop, to be held about a year from now, should
provide an indication of progress in these areas, particularly
in the ground-based simulation aspect, through presentation of
the results of the facilities test program.
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The technical program of the workshop consisted of eighteen
invited speakers, a contributed poster session, and an open
discussion session. The invited presentations addressed issues
relevant to atomic oxygen interactions within the topics of
past and future spaceflight experiments, experimental and
theoretical aspects of mechanistic model development, and LEO
simulation source development. Contributed posters were
presented in the above topics in an informal environment which
encouraged interaction among the participants. The workshop
ended with a discussion session in which a test program was
defined with the purpose of characterizing the various atomic
oxygen exposure facilities in use or under development.

These proceedings document the formal presentations of the
workshop via manuscripts as submitted by the authors. The
papers are reproduced in the order of presentation at the
workshop. The abstracts for the posters presented in the third
session are reproduced in Appendix A. Appendix B provides an
account of the open and closed discussion sessions led by
Dr. Bruce Banks (NASA Lewis Research Center) to organize the
atomic oxygen facility test program. The workshop agenda is
reproduced in Appendix C. A listing of the names and addresses
of registered workshop participants is given in Appendix D.

The workshop coordinator and scientific committee would like to
commend the speakers for their highly relevant and stimulating
presentations. The presenters of the posters are also to be
commended for providing interesting.material and engaging in
enlightening discussions with the other workshop particpants.
Finally, the workshop administrative staff deserves special
acknowledgment for their efforts in organizing and conducting
this workshop.

David E. Brinza
Workshop Coordinator

Scientific Committee 	 Workshop Administration

Michael Greenfield
	

Keri Oda Smith
Amitava Gupta	 Patricia McLane
Richard Jaffe	 Barbara Bateman
Vincent McKoy	 Karen Piggee
Darrell Tenney	 Kent Rennie
Lubert Leger
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REVIEW OF LEO FLIGHT EXPERIMENTS

L. Leger, B. Santos-Mason, J. Visentine and J. Kuminecz
NASA Lyndon B. Johnson Space Center

Houston, Texas

Introduction

Surfaces of orbiting spacecraft are exposed to a flux of Earth ambient
atmospheric species. This flux can be highly directional as a result of
spacecraft velocity through the atmosphere. Fluence on the spacecraft is
maximized on the ram surface and minimized on the wake surface. The main
constituent of this atmosphere is atomic oxygen, and at spacecraft
velocities, its kinetic energy, relative to the surface, is approximately
8 X 10- 19 J (5 eV). Atomic oxygen flux for typical low Earth orbit
conditions is 3 X 10 14 atom/cm2-sec. Since atomic oxygen is a strong
oxidizing agent, it might be expected that such a flux would affect exposed
organic surfaces, and indeed such effects have been observed on Space
Shuttle flights.( 1 , 2 , 3 ) The major effect is recession of surfaces exposed
to ram conditions. Recession is assumed to result from oxidative attack of
the organic polymer chains, producing volatile species and resulting in mass
loss. Exposed surfaces are generally roughened on a microscopic scale with
some physical property changes occurring. Based on current data, this
recession appears to be the most significant change in materials used on
spacecraft in the low Earth orbital (LEO) environment.

Limited measurements were made on Orbiter exposed surfaces during early
Space Shuttle flights. Low fluence and lack of control specimens precluded
obtaining quantitative data from these flights. However, qualitative
results do support the observations obtained on later, dedicated flight
experiments.

Essentially all quantitative reaction rate data have been obtained on
Space Shuttle flights STS-5 and STS-8, which are discussed in the flight
experiments summary. Additional limited data obtained on mission STS 41-G
are also summarized in the flight experiments summary and discussed in
references 4 and 4b. Reaction rate data obtained from these flight
experiments have been applied to Space Station exposure conditions and are
discussed in the Space Station application section.

Results of measurements made on hardware returned on the Solar Maximum
repair mission (Space Shuttle flight 41-C) are reported in reference 5.
Quantitative rate data were not available from these measurements because of
the difficulty in defining the exposure fluence for the specific surfaces
studied.

Additional data may be available with the return of the Long Duration
Exposure Facility (LDEF), which was launched in April 1984. Unfortunately,
delayed return of the spacecraft may have already lead to significant loss
of quantitative results since original experiment design lifetime was one
year.
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Summary of Flight Experiments

General

All flight experiments conducted to date have essentially provided for
passive exposure of samples to oxygen fluences of approximately 1 to 3.5 X
1020 atoms/cm2 . Atmospheric density is used to derive fluence and is
dependent on solar activity, which has been on the declining side of the 11-
year cycle. Thus, relatively low flight altitudes of <300 km were used to
acquire these exposures. In addition, the flight attitudes were selected to
provide maximum exposure to ram conditions. Exposure fluence was derived
from ambient density predictions obtained using the mass spectrometer
incoherent scatterin (MSIS) model, together with spacecraft velocity and
exposure attitude..( ?	After exposure on the flight experiments, the samples
were analyzed using various methods ranging from mass loss to extensive
scanning electron microscopy and surface analysis techniques.

Experiment Description

STS-5® The fifth Space Shuttle flight (STS -5) was launched in November
1982 with a payload consisting principally of deployable satellites. After
deployment of these satellites, an experiment was conducted to further study
surface effect found on earlier missions. A detailed description of this
experiment and associated results has previously been presented.(899010)
Therefore, only a brief summary is included here for completeness.(12.13)

Exposure conditions were selected to provide the largest atomic oxygen
fluence and associated surface changes that would facilitate postflight
laboratory measurements. These conditions were established during a 40-hr
period in which the Orbiter vehicle was maintained in solar inertial atti-
tude. Material samples were exposed on two trays, which were mounted to a
support structure located at the payload bay door hinge level and thereby,
provided maximum view to the space environment. Specimens in filmstrip form
were mounted on six heater plates, which were thermally controlled to
temperatures of 297, 338, and 394 K (24% 65°, and 121° C). A few disk
samples were mounted on other regions of the trays.

STS-8m The second dedicated materials/space environment interaction
experiment was conducted on the eighth.Space Shuttle (STS-8) flight in
August 1983. Basically, the same exposure approach as that employed
previously was used, except that, in addition two active instruments were
added to evaluate the effects of charged species and solar radiation on the
reaction rates. Passive fixtures were also added to evaluate mass transfer
from specimen to specimen.

Considering that solar activity was approaching a minimum, a rather
high fluence was achieved by both lowering the vehicle altitude to 225 km
and maintaining the sample surfaces in direct ram conditions throughout the
40-hr exposure period. Such exposure conditions provided a fluence of
3.5 X 1020 atoms/cm2 to the samples, which were located in the forward
region of the payload bay (fig. 1).

Material specimens consisted of both strips and disks as before, but
more individual specimens (>300) were included. Samples were selected to
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represent typical spacecraft materials such as polymer films, paints, vapor-
deposited coatings, metals, and composites and were provided and analyzed by
a number of different laboratories.

In addition to the STS-8 experiments described above, several quartz
crystal microbalances (QCM) were exposed on a separate mounting system in
the payload bay. Three QCM's were coated to determine the reaction effi-
ciencies of carbon and osmium. A detailed description of this experiment is
to be published, however, reaction rates were —3.5 X 10-25 cm3 /atom (0.035
carbon atoms/oxygen atom) for carbon and 2.6 X 10- 26 cm3 /atom (1.9 X 10-3
osmium atoms/oxygen atom) for osmium.(11)

STS 41-G: Another exposure opportunity was provided on the Space
Shuttle mission (STS 41-G) launched in October 1984. Because Orbiter
attitude for this mission did not allow orienting the payload bay into the
velocity vector, samples were mounted directly to the remote manipulator
system (RMS) using polyimide tape as shown in figure 2. The arm was then
deployed over the port side of the vehicle as shown and oriented with the
samples facing into the velocity vector for a period of 35 hr. Not all
ambient atmosphere exposure occurred in this orientation since the RMS was
also used to deploy a satellite. These operations precluded accurate
calculation of the exposure flux; however, based on recession of the
attachment tape, the exposure flux was determined to be approximately 3 X
1020 atoms/cm2 on the direct ram-facing surfaces.

Samples for the STS 41-G mission consisted primarily of composite
materials and materials used on the Hubble space telescope. Results for
composite materials and the space telescope are reviewed in references 4 and
6, respectively.

Experiment Results

A variety of postflight measurements ranging from surface morphology to
surface chemistry changes were made on the exposed surfaces by the partici-
pating laboratories. The limited scope of this paper does not allow for a
complete discussion of the findings, which are reported elsewhere( 4 through
10 and 12 through 22); therefore, only a brief summary with sufficient
quantitative data for application to following Space Station discussions
will be presented.

Of the two general classes of materials: metals and nonmetals, the
metals are the least reactive. More than twenty metal surfaces have been
exposed on the two experiments and, of these, only two, silver and osmium
(Os), interact with sufficient speed to produce macroscopic changes. Silver
forms heavy oxide layers, typical of oxidative attack, resulting in loss of
material by flaking and spallation. The rate of oxidation is somewhat
dependent on the specific silver form. Quantitative interaction rates have
not been well established; however, oxide thicknesses of greater than 0.4 pm
have been measured.

Osmium loses mass with a reaction efficiency of 2.6 X 10 -26 cm3/atom,
(Table 1) apparently through the formation and loss of OsO4, which has a
relatively high vapor pressure.0 1 ) Generally, all the other metals have

4



ui	 10.0 }
Uz
D	 8.0J N
LL E

w	 6.0
C7 ^

}O
O ¢ 4.0

_U

p	 2.0

Q

ORIGINAL PAGE IS
OF POOR QUALITY

Fig. 2. STS-41G exposure configuration.

LEGEND
1 = RAM-FACING SURFACE
2 = SURFACE FACING 60 1 TO RAM
3 = SOLAR ARRAY (BOTH SIDES)

0
88.0 90.0	 92.0	 94.0	 96.0 98.0 100.0

SOLAR CYCLE, YR

Fig. 3. Atomic oxygen fluence increase with solar activity.

5



TABLE 1. REACTION EFFICIENCIES OF SELECTED MATERIALS WITH ATOMIC OXYGEN IN LOW EARTH ORBIT

Reaction efficiency, Reaction efficiency,
Material X10-24 cm3 atom Material X10-24 cm3/atom

Kapton 3 X 10-24 Silicones

Mylar 3.4 RTV-560 0.02-

Tedlar (Clear) 3.2 DC6-1104 0.02*

Polyethylene 3.7 T-650 0.02*

Polysulfone 2.4 DC1-2577 0.02^'

Graphite/Epoxy Black paint Z306 0.3-0.4*

1034C 2.1 White paint A276 0.3-0.4*

5208/T300 2.6 Black paint Z302 2.03*

Epoxy 1.7 Perfluorinated polymers

Polystyrene 1.7 Teflon, TFE <0.05

Polybenzimidazole 1.5 Teflon, FEP <0.05

25% Polysiloxane/45%

Polyimide 0.3 Carbon (various forms) 0.5-1.3

Polyester 7%

7% Polysilane/93% Polyimide 0.6 Silver (various forms) Heavily attacked

Polyester Heavily attacked Osmium 0.026

Polyester with

Antioxidant Heavily attacked

*Units of mg/cm2 for STS-8 mission. 	 Loss is assumed to occur in early part of exposure; therefore, no
assessment of efficiency can be made.

TABLE 2. SURFACE RECESSION PREDICTIONS FOR SPACE STATION COMPONENTS

	

Constant altitude	 Constant density
(465 km)	 (2 X 10 8 atoms/cm3)

Fluence,	 Recession,	 Fluence,	 Recession,
Materials	 Lifetime, yr	 atoms/cm2	 cm (mil)	 atoms/cm2	 cm (mil)

Graphite epoxy	 30	 3.6 X 1022	8.6 X 10-2 (34)	 *1.4 X 10 23	3.2 X 10-1 (126)

structural
members,
forward facing
side

Solar power	 20	 1.3 X 1022	3.8 X 10-2 (15)	 *5.5 X 1022	1.7 X 10-1 (65)

arrays front &
back, exposure

Radiator	 20	 1.5 X 1022	°-	 *6.3 X 1022

surfaces front
6 back, exposure

*Constant density results in approximately 4 times more fluence

6



significantly lower interaction rates than those of silver and osmium® As
expected, metal oxides are nonreactive.

Generally all organic materials are reactive with the LEO environment,
with interaction rates being apparently independent of chemical structure.
The effect of additives is much more significant than chemical structure,
since these materials are very often oxides or other low reacting components
which shadow the organic matrix from the incoming ambient atomic oxygen
beam. Reaction efficiencies for a representative set of organic materials
are shown in table 1. These efficiencies are derived by normalizing the
sample recession by exposure fluence and represent, principally, data from
the STS-8 mission. For some material samples, the STS-5 mission reactiv-
ities are lower than those for the STS-8 mission; however, the earlier
results may have been affected by sample mounting contaminants combined with
the low fluence. Since sample recession for the STS-8 mission was as much
as 12 ltm, it is felt that these data are more representative of bulk
reactivity. Considering errors involved.in  both recession measurements and
atomic oxygen density prediction, the reaction efficiencies have a probable
error of 30% to 50%. Errors associated with ambient density predictions
appear to be the largest contributor.

Perfluoronated polymers, such as Teflon and silicone polymers are
considerably less reactive than organic polymers (Table 1); in fact, their
reaction rates are low enough that these materials can be considered as
protective coatings. Nonreactive fillers also lower the reactivity of
polymers by shadowing the organic matrix; however, the filler particles are
then only partially attached through pedestal regions which may be lost in
time due to scattered atomic oxygen.

Material reaction rate dependence on surface temperature and charged-
species concentrations were evaluated using heated trays and a charged grid
apparatus. Based on these measurements, polymer material reactivities show
no temperature dependence over the temperature range of 298 to 393 K (25° to
120° C)® Additionally, the charged grids did not affect the recession of
associated samples, an indication that charged species were not important,
as expected, in explaining the exposure effects.

Space Station Application

The extent of degradation caused by exposure to the LEO environment is
dependent on surface attitude relative to ram, on altitude, and on solar
activity. Even with these parameters, ambient density must be obtained from
appropriate models, such as the previously mentioned MSIS model, and the
flux integrated over the particular mission. An algorithm has been
developed for coupling the results from MSIS and flight parameters to
generate mission fluence and has been applied to Space-Station-peculiar
flight parameters.( 22 ) For these calculations, it was assumed that the
Space Station was oriented in a gravity gradient attitude at 465 to 500 km.
In such a flight attitude, some surfaces are always facing ram conditions,
notably one side of structural components. Fluence predictions show a
buildup as the solar activity increases to a maximum in the 1993 timeframe
(fig. 3) and results in one solar cycle exposure for various surfaces as
shown in table 2.
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Recent Space Station programmatic considerations have resulted in
definition of a constant drag flight attitude as a baseline. Such a flight
condition would provide a varying Space Station altitude (500 to 350 km),
depending on solar activity. This altitude variation results in relatively
small velocity variations and, therefore, to a first approximation, constant
drag can be considered as providing a constant density condition for
environmental considerations. Assuming a density of 2 X 10 8 atoms/cm3,
which corresponds to the Space Station design requirement of 475 km with a
maximum plus 20 solar activity, the fluence and recession are approximately a
factor of four larger than for a constant altitude condition. (See Table
2.)

Effects on Space Station surfaces are derived by multiplying the
predicted fluence by the reactivity of the given material being exposed.
For example, the forward-facing portion of the structural members is exposed
to a total fluence of 1.4 X 1023 atoms/cm2 for constant density conditions,
and if these members are made of graphite epoxy composite with a reactivity
of 2.4 X 10-24 cm3 /atom, recession of as much as 0.3 cm can be expected in
30 years. Current conceptual design uses a structural member wall thickness
of approximately 0.15 cm; therefore, a loss of 50% of the wall thickness can
be expected. Such a large loss of wall thickness is unacceptable and
dictates that. coatings be developed for protection.

An even more severe system problem arises from environmental exposure
for the solar power components. Again, using computed fluence for the solar
array exposure from table 2 of 5.5 X 10 22 atoms/cm2 and using a reactivity
of 3 X 10-24 cm3/atom, a typical solar array would experience recession of
approximately 0.17 cm for a twenty-year exposure. Since substrates for
typical arrays are 8 X 10 -3 cm thick, life is very limited and coatings must
be developed.

Although the effect on other Space Station materials may not be as
severe as that on the photovoltaic power system, similar considerations
apply and care must be taken in selecting durable coatings to ensure
adequate life. As a result of these considerations, a significant amount of
the Space Station materials advanced development activities are dedicated to
coating development.

Conclusion

It was assumed for many years that the aspects of the low Earth orbital
environment most degrading to materials were ultraviolet radiation and
thermal vacuum exposure. With the advent of frequent space flights and
opportunities to examine returned surfaces, it now appears that effects of
atomic oxygen will be the most damaging by far. In fact, major changes in
solar voltaic system design must be made to ensure sufficient life for even
one solar cycle.

A preliminary data base has been generated from flight experiments to
date, but is limited both in extent of orbital exposure time and, therefore,
fluence and in the variety and number of samples studied. With a relatively
short time before Space Station design begins, it is imperative that we
augment the data base in both scope and quality of rate data. This

8



augmentation must be done through flight experiments, in which limited
studies are possible, and ground-based facilities, where more extensive
evaluations can be performed. Such an approach has been conceptually
defined and is in program development. Successful implementation of this
program will provide a significant increase in our understanding of LEO
environment interactions with materials.
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MATERIAL INTERACTIONS WITH THE LOW EARTH ORBITAL ENVIRONMENT:

ACCURATE REACTION RATE MEASUREMENTS

BY

JAMES T. VISENTINE AND LUBERT J. LEGER
NASA LYNDON B. JOHNSON SPACE CENTER

Abstract

An understanding of the surface chemistry which gives rise to atom/
surface interactions within the orbital environment is crucial to establish-
ing a reliable materials interaction data base for Space Station and verify-
ing the operational capability of ground-based neutral beam facilities which
simulate the space environment. One of the more important effects of these
interactions is oxidation of material surfaces by atomic oxygen, a major
constituent of the low Earth orbital environment. Material interaction
studies conducted during flights STS-5 and STS-8 have provided most of the
current information regarding the reactivity of spacecraft materials to
atomic oxygen, and the results of these studies indicate many materials such
as organic films, polymers and many composites, react readily with atomic
oxygen and have reactivities in the range 2.5 X 10- 24 to 3.0 X 10- 24 cubic
centimeters per atom.

The data base provided by these flight programs is limited in its
application, however, because no information is currently available which
adequately explains the basic mechanisms responsible for atom/surface
interactions. Another more serious limitation to this data base is the
total integrated atomic oxygen flux (fluence) derived for these flights and
used to determine material interaction rates that have been estimated using
thermospheric models to predict atomic oxygen number densities within the
orbital environment. Typically, errors of ±25% or greater can be expected
for these density estimations, and since they were used to compute fluence,
these errors also appear in the surface recession rates for Space Station
materials.

To resolve these uncertainties and provide reaction product composi-
tional data for comparison to data obtained in ground-based laboratories, a
flight experiment has been proposed for the Space Shuttle which utilizes an
ion-neutral mass spectrometer to obtain in-situ ambient density measurements
and identify reaction products from modeled polymers exposed to the atomic
oxygen environment. An overview of this experiment will be presented and
the methodology of calibrating the flight mass spectrometer in a neutral
beam facility prior to its use on the Space Shuttle will be established.

Introduction

A reliable materials interaction data base.and an understanding of the
surface chemistry which gives rise to the interaction of surfaces with
atomic oxygen, the principal constituent within the low Earth orbital (LEO)
environment, are crucial to the development of materials and coatings for
future spacecraft, such as Space Station, designed to operate for extended
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(10 to 30 yr) periods at low (300 to 500 km) orbital altitudes. Previous
Space Shuttle flights( 1 , 2 9 3 ) have shown that many polymers, organic films,
and composite materials used in typical spacecraft applications undergo
significant mass loss when exposed at low altitudes to the orbital environ-
ment. Polyimide films used as substrates for lightweight, large-area solar
arrays, such as those proposed for Space Station, had relatively high rates
of surface recession when exposed to atomic oxygen. Polyurethane paints
used to suppress stray light within astronomical telescopes and in thermal
control coatings for spacecraft structures were found to degrade,( 4 ) with
specular paints becoming more diffuse and thermal control paints acquiring a
chalky, particulate residue on their surfaces. Metals such as carbon,
osmium, and silver were also reactive in the flight environment( 5 ) and
underwent significant mass loss, in the case of osmium and carbon, and gross
oxidation, in the case of silver. Graphite epoxy composites proposed for
lightweight truss members in large space structures lost significant mass(6)
when exposed to moderate atomic oxygen fluxes (10 14 to 10 15 atoms/cm2-sec)
for limited periods.

An interaction data base has been developed for these and other
materials to aid in spacecraft design. The data base provided by previous
Space Shuttle flights is limited in its application, however, because total
integrated atomic oxygen flux (fluence) used to derive material reaction
rates must be estimated using thermospheric models() to predict atomic
oxygen number densities. Typically, errors of +25% or greater can be
expected for these density estimations, and, since they are used to compute
both fluence and reactivity, these errors also appear in the data base.
Another limitation is the lack of available information which adequately ex-
plains the details of the interaction process and the chemical mechanisms
responsible for surface recession. These mechanisms must be understood to
enable selection of coatings or new materials that do not readily degrade in
the LEO environment.

Proposed Flight Experiment

To resolve many of these uncertainties and provide a more accurate data
base, a materials interaction flight experiment designated EOIM-3
(Evaluation of Oxygen Interactions with Materials, third series) has been
proposed. The EOIM-3 experiment , uses an ion-neutral mass spectrometer and a
carousel system (Fig. 1) to conduct aeronomy measurements and to study
surface interaction mechanisms. In addition to obtaining accurate reaction
rate measurements for materials, this experiment will use the mass spectrom-
eter to measure the local Space Shuttle environment over many orbital passes
to develop a more thorough understanding of the ionospheric processes and to
obtain correlations of orbital ion/neutral number densities with ambient
density models.

To implement these objectives, the mass spectrometer (Fig. 2) will be
positioned within the Orbiter bay on a rotatable mount (Fig. 3) to view
first along the Orbiter +Z-axis (aeronomy measurements) and then toward
materials installed on a rotatable carousel. The carousel will have five
sectors, each containing materials with different chemical compositions,
which will be rotated sequentially to face the mass spectrometer. Where
possible, these materials will be isotopically labeled with carbon-13 and
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deuterium to differentiate the reaction products from the overall instrument
background. Measurements of gases produced by the interaction of atomic
oxygen with the carousel materials will aid in identifying chemical
mechanisms which give rise to surface recession. Materials proposed for
mechanistic studies include polyimide, carbon, polyvinylchloride,
polystyrene, labeled polyethylene, polyurethane light-absorbing paint or
similar material, and gold or aluminum oxide as a control surface.

Reaction Rate Measurements

Accurate reaction rates for atomic oxygen interactions with materials
will be obtained by operating the mass spectrometer in the aeronomy mode
(+Z-axis) and orienting the Orbiter such that specimens installed on heated
trays and disk holders (Fig. 4) are subjected to direct oxygen impingement.
Whereas mass spectrometer density measurements will be made while the flight
is in progress, mass loss determinations for highly reactive materials will
be obtained when the mission is completed. To obtain the required exposure
conditions, it is being requested that the Orbiter be flown for 40 hr in a
circular orbit (variable inclination) with its payload bay oriented into the
velocity vector (+ZW) at an altitude of 222 km (120 n. mi.). Computations
indicate that this exposure should result in day-night number densities
(Fig. 5) sufficiently high to produce atomic oxygen fluxes in the range 1.1
X 10 15 to 1.5 X 10 15 atoms/cm2-sec. This flux, in turn, will produce an
accumulated fluence of 1.8 X 10 20 atoms/cm2 . Using interaction data derived
from previous Space Shuttle flights, it is estimated this fluence will
result in surface recessions of 3 to 5 pm for materials (organic films,
polyimide paints, and composites) that are susceptible to atomic oxygen
interactions. A typical mass spectrometer measurement sequence for
obtaining accurate reaction rates is shown in Fig. 6.

Less reactive materials, such as fluoropolymers, will be evaluated
during this mission using quartz crystal microbalances (QCM's) to measure
low rates of surface recession. These instruments have been selected for
this application since they have high sensitivity (1 X 10- 9 g/cm2 ) in
comparison to postflight weight loss determinations.( $ ) Although this
exposure is several orders of magnitude less than the fluence Space Station
structures will encounter( 9 ) over an 11-yr solar cycle (2.5 X 10 21 to 1.2 X
1022 atoms/cm2 ), it will be sufficiently high to obtain accurate interaction
rates for the materials evaluated.

Additional Measurements

As currently designed, this flight experiment will include additional
sensors to study in greater detail the effects of atomic oxygen interactions
with surfaces. In addition to the mass spectrometer, the carousel, the
QCM's, and the passive disk holders discussed earlier, the experiment will
include stress fixtures (Fig. 7) to study the effects of mechanical stress
on erosion rates, heated disks and filmstrips to study the effects of
temperature on interaction rates, and scatterometers to estimate energy
accommodation on surfaces and define surface-atom emission characteristics
as related to surface recession. A solar ultraviolet experiment, similar to
one flown on the STS-8 mission, will be used to assess the effects of solar
radiation on reaction rates. This device will consist of control
(uncovered) specimens and specimens that are alternately exposed during the
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day and night portions of the 40-hr exposure cycle. A similar device, the
variable exposure experiment, will be used to assess the effects of matrix
shadowing on reaction rates. Previous flight results have demonstrated
nonreactive fillers lower the reactivity of polymers by shadowing the
organic matrix. The variable exposure experiment will sequentially expose
filled polymers at 5, 10, 20 and 40 hour intervals to evaluate how their
surface recession varies with exposure time. Reaction rates will be derived
for materials selected for each of these experiments by using the mass
spectrometer to measure variations in day-night number densities, by
determining the exposure time, and by performing postflight weight loss
measurements.

The locations of these devices, as currently proposed for this flight
experiment, are shown in Fig. 4. These locations, in addition to the
location of the mass spectrometer/carousel system, have been chosen to
minimize tray dimensions, to isolate products outgassed from the heated
(60 0 , 120 0 , 200° C) trays from the mass spectrometer, and to limit
uncontrolled scattering of the oxygen beam onto sensitive surfaces.

Experiment Status

Flight hardware is under development at the NASA Lyndon B. Johnson
Space Center (JSC)'and the U.S. Air Force Geophysics Laboratory. Passive
and active experiments and material specimens will be provided by most NASA
centers and by the Space Station work package contractors. Experiments
under development by the NASA centers (JSC, Goddard Space Flight Center
(GSFC), George C. Marshall Space Flight Center (MSFC), Langley Research
Center (LaRC), Jet Propulsion Laboratory (JPL), and Lewis Research Center
(LeRC)), by an aerospace contractor (Aerospace Corp.), and by the University
of Alabama at Huntsville (UAH) are identified, by organization, in Fig. 4,
which illustrates the locations of the mass spectrometer and carousel, and
the configuration of the active and passive trays discussed earlier.

The experiment program plan and request for flight assignment have been
approved by the NASA offices (Space Station and Office of Aeronautics and
Space Technology) who will provide funding for hardware development. The
flight readiness date for this experiment is tentatively scheduled for May
1988. A flight assignment date has not been established by NASA; however,
it may occur as soon as early- to mid- 1988, since these investigations
directly support Space Station advanced development.

Mass Spectrometer Preflight Calibrations

The mass spectrometer will be calibrated in an atomic oxygen neutral
beam facility, under development at Los Alamos National Laboratory, to
obtain accurate aeronomy measurements during the flight. Atomic oxygen is
being produced at this facility( 10 ) by sustaining a discharge with a high-
intensity continuous-wave (CW) laser in a mixture of rare gas and molecular
oxygen. The high-temperature discharge region dissociates the molecular
oxygen into atoms, which are allowed to expand through a nozzle into a
differentially pumped chamber. The facility in which the mass spectrometer
will be calibrated will use a 1.5-kW CW laser to sustain a discharge within
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Fig. 7	 Mechanical stress fixture for composite materials.

Fig. 8. Space Station dual-keel configuration.
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a helium-oxygen mixture. It is anticipated that use of this mixture will
produce oxygen atoms in the 5-eV range, as required for the flight
simulation. The system will be designed to produce atomic oxygen fluxes of
10 15 to 10 17 atoms/cm2-sec or less to accurately simulate the flight
environment and later to provide capability for accelerated testing.

Interaction efficiencies and view factor calculations for carousel
surfaces indicate that the amplitude of mass peaks recorded by the mass
spectrometer during flight should be in the range 2 X 10 -9 to 6 X 10-9 A,
sufficiently above the expected instrument background current of 5 X 10- 11 A
recorded during previous missions.( ll) To verify these calculations,
materials such as polyimide and polyethylene will be exposed to the neutral
oxygen beam, and the mass spectrometer will be oriented inside the target
chamber to view products generated during the interaction process. The
sensitivity of the instrument will be optimized to detect the interaction
products. Final calibration will be performed by exposing the mass
spectrometer to a 5-eV neutral oxygen beam to study recombination effects
inside the ion source and to derive its measurement sensitivity for atomic
oxygen.

Conclusions

The experiment described in this paper will provide a reliable
materials interaction data base for future spacecraft design and will
furnish insight into the basic chemical mechanisms leading to atomic oxygen
interactions with surfaces. The effects of solar radiation and mechanical
stress on erosion rates as well as scattering of atomic oxygen by various
surfaces will enable derivation of protection techniques to ensure long-
lived operation of lightweight Space Station structures and components.
Such protective techniques as special coatings for truss structures and
lightweight power generation devices, if properly applied, will be important
considerations in designing a large, multipurpose Space Station, such as the
NASA dual keel configuration shown in Fig. 8, that requires minimum refur-
bishment and limited component replacement over its lifetime.
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ABSTRACT

The likely role of atmospheric atomic oxygen in the recession of
spacecraft surfaces and in the Shuttle glow has revived interest in the
accurate measurement of atomic oxygen densities in the upper atmosphere.
The Air Force Geophysics Laboratory is supplying a quadrupole mass
spectrometer for a materials interactions flight experiment being planned
by the NASA Johnson Space Center. The mass spectrometer will measure the
flux of oxygen on test materials and will also identify the products of
surface reactions. The instrument will be calibrated at a new facility for
producing high energy beams of atomic oxygen at the Los Alamos National
Laboratory. This paper summarizes plans for these calibration experiments.

INTRODUCTION

The measurement of atomic oxygen densities in the atmosphere with mass
spectrometers is one of the outstanding problems in aeronomy. The
measurements were originally made to investigate the structure of the
earth's atmosphere. Recently, atomic oxygen has been implicated in the
recession of spacecraft surfaces(1-4) and in the Shuttle glow(5,6). These
phenomena have renewed interest in the accurate measurement of atomic
oxygen densities.

The accuracy of the mass spectrometer measurements is limited by
uncertainties in the response of the instruments to the atomic oxygen. The
major technical problems are recombination of the atomic oxygen to the
molecular species on the inner surfaces of the ion sources, differences in
detection sensitivity between thermal and hyperthermal oxygen atoms, energy
equilibration of oxygen with ion source surfaces, and background
contributions to the mass 16 and 32 signals.

These problems have been addressed in the past by designing the two
types of ion sources sketched in Fig. 1. Open ion sources(7) seek to reduce
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recombination as much as possible. Much of the atomic oxygen can pass
through the electron beam and into the mass analysis section of the
instrument without any surface interactions. 	 In contrast, closed ion
sources(8) force complete recombination. The electron beam is surrounded
by a closed accommodation volume. The atomic oxygen enters this volume
through a pinhole. A baffle deflects the oxygen to the walls of the
chamber, where it forms molecular oxygen.

0-atoms

FIG. 1 s Types of ion sources
used for atmospheric atomic
oxygen measurements. Open
sources reduce recombination
by eliminating surfaces in the
beam path. Closed sources
force complete recombination.

The sensitivity of closed source mass spectrometers can be calculated
from the measured sensitivity to thermal molecular oxygen and the rate of
effusive flow through the pinhole opening(9,10). However, open source
instruments must be calibrated to atomic oxygen in the laboratory. Such
instruments have been exposed to beams of oxygen atoms formed in microwave
discharges(11) or on heated filaments(12). Though high velocities and
intensities have been obtained for other gases in mass spectrometer
calibration experiments(13), the limitations of the atomic oxygen
calibrations have been the low energy and intensity of the beam.

Research groups at the NASA Johnson Space Center (JSC), the Los
Alamos National Laboratory, and the Air Force Geophysics Laboratory (AFGL)
are engaged in a cooperative space flight experiment designed to measure
the effects of atomic oxygen on spacecraft materials. The experiment is
called Evaluation of Oxygen Interactions with Materials (EOIM)-III (17).
AFGL is supplying a mass spectrometer to monitor the flux of oxygen atoms
interacting with the EOIM test materials. This instrument will be
calibrated at the atomic oxygen high energy beam facility that has recently
been constructed at Los Alamos.

AFGL QUADRUPOLE MASS SPECTROMETER

The AFGL Quadrupole Ion/Neutral Mass Spectrometer (QINMS) is a
compact, versatile, fast sampling instrument(15). Its primary purpose is
to measure the concentration and the identity of each constituent of the
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gas entering its sampling orifice. It is sensitive to neutral and positive
ionic species, though not to both simultaneously. The spectrometer design
is based on similar instruments flown extensively on sounding rockets.
QINMS has been used on one Shuttle flight(16).

In addition to the composition information, the instrument collects a
fraction of the total ion current on a grid located between the ion source
and the entrance aperture to the quadrupole rods. This current is a
measure of the total pressure of the neutral gas in the neutral mode and
the total density of the ions in the ion mode. The sampling rates of the
composition data and the pressure/density data are both fast enough to
resolve such transient effects as ionospheric irregularities and spacecraft
thruster engine firings.

The ion source of the AFGL instrument is drawn to scale in Fig. 2.
This entire assembly is mounted on top of the quadrupole housing, and is
contained inside a metal cylinder. An 0-ring sealed cover is retracted in
flight to expose the top grid of the ion source to the external
environment. This ion source is somewhere between the open and closed
extremes described above. The grids crossing the path of the incoming
oxygen provide some surfaces for recombination, while still allowing some
of the oxygen to reach the quadrupole region unimpeded.

FIG. 2s Scale drawing of the
ion source used in the AFGL
mass spectrometer. The source
incorporates features from
both the open and closed
designs.

QUADRUPOLE
HOUSING

QUADRUPOLE
RODS

J*^	 91N.----e-I

ATOMIC OXYGEN GROUND CALIBRATIONS

The energetic oxygen atom source that has been developed at Los Alamos
employs a Continuous Optical Discharge (COD) technique(17,18). A 1.5 kW cw
CO2 laser is focused to a 0.02 cm diameter spot within the throat of a
supersonic expansion nozzle. A pulsed CO 2 laser, aligned co-axially with
the cw beam, is fired once to start a discharge in the nozzle. The ow
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laser then pumps the discharge continuously, maintaining temperatures of
15,000 to 30,000 K within the throat of the nozzle. In the source chamber,
molecular oxygen is seeded into a noble carrier gas, such as neon or helium
to reduce the power required for breakdown. The oxygen is completely
dissociated by the discharge and is accelerated to high velocity by
collisions with the carrier gas during the expansion.

The COD atomic oxygen beam source is mounted to the Los Alamos
Molecular Beam Dynamics Apparatus (LAMBDA) (19). Three stages of
differential pumping separate the source from the primary experiment
chamber. LAMBDA is equipped with several sophisticated beam diagnostic
tools, including a differentially pumped quadrupole mass spectrometer, a
time-of-flight (TOF) chopper, and recently, a spinning sphere absolute
pressure gauge(20). Recent advances in the development of the atomic oxygen
beam facility are discussed in another paper in this session (Cross et
al.).

The most difficult aspect of the calibration experiment is measuring
the absolute flux of the oxygen beam. Beam diagnostics such as the
differentially pumped mass spectrometer would need calibration in the same
way as the flight instrument does. Fig. 3 is a rough sketch of the
experimental layout that we have chosen for the mass spectrometer
calibration experiments. In essence, the idea is the same as the closed
ion source concept. The 0-atom beam enters the main chamber from the
source on the right. On the far side of the main chamber, approximately
one meter away, the beam enters a smaller accommodation chamber through a
small aperture of known area. The flight mass spectrometer is mounted on
the beam axis on the far side of the accommodation chamber.

FIG. 3: Experimental layout
of the Los Alamos atomic oxy- 	 ACCOMMODATION[

gen high energy beam facility 	
CHAMBER

to be used for the mass spec-	 MAIN CHAMBER
trometer calibration experi-	 MASS

ments.	 SPECTROMETER

SOURCE
_	 O-atom Beam

F2	 F1 0

PRESSURE
GAUGE
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Two beam flags, F1 and F2, can be used to block the beam. F1 is
between the first and second differential pumping stages in the source, and
is used to turn off the beam completely. F2 is located inside the
accommodation chamber and is designed to deflect the incoming beam to the
walls. With F2 blocking the beam, the spinning sphere absolute pressure
gauge will be used to measure the pressure rise in the accommodation
chamber when the beam is turned on. We assume that the atomic oxygen
recombines completely and thermalizes on the walls of the accommodation
chamber (and choose wall materials to ensure this). The measured pressure
rise and the known rate of effusive flow from the small aperture are then
used to calculate the absolute intensity of the beam entering the chamber.

Finally, when both flags are removed from the beam, the flight mass
spectrometer will be exposed to the full flux of atomic oxygen in the
molecular beam. A typical calibration experiment will first involve
measuring the absolute intensity and composition of the beam using the
LAMBDA beam diagnostics and the techniques described above. Comparison of
the known beam characteristics to the intensities of the mass 16 and 32
peaks (0 and 0respectively) will be used to derive the sensitivity of
the flight ins?rument to atomic oxygen along with the degree of
recombination. The effects of surface conditioning and length of exposure
to oxygen atoms, as well as the influence of beam velocity, beam intensity,
and carrier gas concentration will be observed.

In a preliminary experiment, a thermal beam of oxygen molecules
(formed in the supersonic expansion with the laser turned off) was directed
into the mass spectrometer ion source. Mass spectra taken with the beam
flagged and not flagged appear in Fig. 4. The 32 amu peak is the parent
oxygen, and 16 amu is atomic oxygen produced by dissociative ionization.
No atomic oxygen was present in the beam. The mass 4 peak is the helium
carrier gas. Additional peaks in the spectra are due to vacuum chamber
contamination and air leakage. These include water (18, 17 and 16 amu),
nitrogen (28 amu) and molecular oxygen (32 amu). When the beam was chopped
with a 400 Hz tuning fork chopper and phase sensitive detection of the mass
spectrometer signals was used, only beam components were detected.

SUMMARY

The Quadrupole Ion/Neutral Mass Spectrometer, designed and built by
the Air Force Geophysics Laboratory, is a versatile instrument well-suited
to measurements within the Shuttle environment. Its configuration is
derived from similar instruments designed for sounding rocket flights, and
successfully collected data during the STS-4 flight. We plan to operate
the same instrument on the Evaluation of Oxygen Interactions with Materials
(EOIM)-III experiment presently under development by the Johnson Space
Center. This experiment is the third in a series of Shuttle-based
experiments designed to measure the effects of atomic oxygen on materials
and surfaces. The mass spectrometer will measure the flux of atomic oxygen
incident on the materials samples, and will also look for surface reaction
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products. The data from the experiment will be invaluable in designing
spacecraft, such as Space Station, for long duration excursions into the
low Earth orbital environment.

A critical part of preparing the mass spectrometer for the flight is
calibrating it with a well-characterized high energy beam of atomic oxygen.
This will be done at the Los Alamos National Laboratory, where a new source
of high energy oxygen atoms has been developed. Using a Continuous Optical
Discharge technique, the Los Alamos source produces a beam of oxygen that
reproduces many aspects of the space environment accurately. During the
calibration experiments, we will investigate the amount of recombination
that occurs within the mass spectrometer ion source, the effect of extended
exposure to the oxygen beam, and the effects of the beam energy and
intensity on the calibrations.

AFGL QUADRUPOLE
MASS SPECTRA

MASS (amu)

FIG 4; Unmodulated mass spectrometer signals due to a thermal beam of
molecular oxygen in helium carrier gas. With the beam off (F1 in beam),
the mass spectrometer only sees chamber background species such as water,
nitrogen and oxygen. With the beam on (F1 removed, from beam) the 0 2 and 0
signals increase markedly. The 0 species is produced only from
dissociative ionization of the parent molecular oxygen.
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Abstract

The UAH experiment which flew on the STS-8 mission had several objectives
which were mostly of a speculative nature since so little was known of the pro-
cesses of interest. The experiment provided original, if limited, data on:
(a) oxidation of metal surfaces, (b) reaction rates of atomic oxygen with carbon
and other surfaces and the dependence of these rates on temperature, and (c) the
angular distribution of 5eV atoms scattered off a solid surface. This paper
provides a review of the results, with references given to fuller published
accounts where these are available.

Introduction

The chemistry of reactions between species with relative kinetic energies in
the range of a few eV to a few 10's of eV has only been sparsely studied, prin-
cipally because of the experimental difficulties and expense of generating beams
of usable flux at these energies. The region is of considerable theoretical
interest since it overlaps the region of energies of chemical bonds and activa-
tion energies. Thus enhancement of reaction rates (over those at ordinary tem-
peratures) is possible and even likely. With this in mind, in 1974 we proposed
an experiment for the Long Duration Exposure Facility (LDEF) spacecraft, origi-
nally projected to fly in 1978 (Ref. 1). This mission was launched in 1984 and
has not yet been recovered from orbit. The early 1980's saw an awakening of
interest within NASA in the effect of hyperthermal oxygen atoms on spacecraft
materials, and several exposures of materials were made and studied. In 1983 a
NASA-wide materials experiment was proposed, for which UAH was invited to pro-
vide a modified version of the LDEF hardware. This composite experiment, desig-
nated EIOM-2, was flown in September of the same year, which must be one of the
shortest completion times for a flight experiment of this size.
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The UAH experiment included the following components:

(a) Seven thin (optically-transmitting) metal films deposited on quartz
flats. The metals used were Al, Au, Ir, Nb, Ni, Pt and W.

(b) Samples of materials known or suspected to exhibit gross erosion or
corrosion effects (C, polymers, Os, Ag). These samples were mounted on
heated plates at different temperatures to allow measurement of temper-
ature dependence of rate.

(c) Scatterometers: a passive device of novel design in which the inten-
sity of oxygen atoms reflected from a solid surface was measured.

(d) In addition to the above, carbon specimens were provided to Johnson
Space Center experiments designed to measure (i) synergistic effects of
solar UV on reaction rates and (ii) effects of atmospheric oxygen ions
on those rates.

A short description of the experimental approach and the hardware is given
below for each of these components, together with a summary of the results.
Orbital exposure data pertinent to the results described here in given in
Table I.

TABLE I: STS-8 ATOMIC OXYGEN EXPOSURE DATA

	

Payload Bay Forward Facing:
	

t = 41.2 hrs.

	

Altitude:
	

120 nautical mi. (225 km)

	

Velocity:
	

7.8 km s-1

	

Mean Oxygen Atom Density (Calculated:
	

2.65 x 109 cm-3

	

Surface Impact Frequency:
	

2.07 x 10 15 cm-2 s-1

	

Integral Fluence:
	

3.5 x 1020 atoms cm-2

Results

(a) Effects on Optical Surfaces

This investigation was directed to determining some quantitative effects on
uncoated optical surfaces. Others have shown that standard optical coatings
(where permissible) of metal oxides or metal fluorides are very resistant to
atomic oxygen.

The surfaces studied were of two types: high-purity thin films sputtered or
evaporated onto 2.54-cm diam A/20 fused silica optical flats, and highly pol-
ished bulk samples. Films were prepared with optical densities of -2.5 or less.
Measurement of optical densities using a Perkin-Elmer PDS scanning
microdensitometer allowed sensitive determination of any changes to these thin
films produced by the exposure. By masking one-half of each sample during
flight as a control it was possible to measure changes in optical density of
-0.01, corresponding to a few percent change in the thickness of -10-nm thick
films. (No increase in scattering was assumed, since most films became
smoother; changes in reflection due to very small oxide thickness increases were
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also neglected.) In several cases the sensitivity of the method was ±1 mono-
layer of surface atoms. Total film thicknesses were accurately measured by step
height changes in stylus traces of the film/substrate surfaces using a Tencor
Alpha-Step 200 stylus profilometer with a nominal 2-µm radius diamond stylus.
Decreases in both the optical density and total film thickness were attributed
to metal film removal. A decrease in optical density but an increase in total
film thickness was attributed to film expansion due to formation of a non-
volatile oxide of lower density than the original film. Topographic measure-
ments were also made on a number of surfaces with an optical heterodyne
instrument. These measurements provided an optical determination of surface
roughnesses for comparison to stylus results as well as several correlation
functions from the same measurement. A fuller account of these measurements is
gefen in Ref. 2.

Estimates of metallic film thicknesses in exposed and unexposed areas were
calculated from the optical density measurements using equations for transmis-
sion and reflection.

A summary of the results is shown in Table II. Al, Ni, Nb and Cu showed
small but measurable increases in oxide thickness over that obtained by normal
exposure to the atmosphere. Au, Pt and Si showed no measurable effects by these
techniques. Os showed massive erosion, and Ag massive corrision. Ir showed
evidence of slight erosion.

Material

Al film

Au film

Ir film

Ni film

Nb film

Pt film

Ds bulk

Ag bulk

Cu bulk

Si bulk no measurable effect

Nominal
Thickness (nm)

3.4

35.5

32.3

54.2

16.8

10

bulk

bulk

bulk

bulk

TABLE II

Thickness of
Metal Converted

to Oxide (nm)

0.8

none

none

0.7

1.3

none

none

>100nm,
variable

-3.5,

Thickness of
Metal Lost (nm)

none

none

2.5

none

none

none

1100nm

none

none
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(b) Kinetic Studies on Carbon and Other Highly Erodible Surfaces

The experimental approach used was necessarily very simple as on electro-
mechanical devices such as lids, shutters, etc. were available, and no interme-
diate measurements could be made, i.e., only a single integral effect could be
measured for each sample. Samples were nominally one inch discs, with the hot-
plate discs only being one quarter-inch diameter. For the case of the erodible
materials discussed here, a bar-pattern of small rectangles of niobium was depo-
sited on the surface using a photo-resist technique. The niobium was sputtered
on as a uniform film -200-nm thick. Although it oxidized, it still served to
protect the underlying carbonaceous material. The bar-pattern allowed multiple
measurements of the step-height to be made using the Tencor stylus profilometer.
Amplitudes were checked using SEM micrographs. Half of each sample was covered
at all times before and during the flight, and served as a control.

Erodible surfaces studied included single crystal graphite (basal and
prismatic planes, vitreous (or glassy) carbon from various manufacturers,
polymethyl methacrylate (lucite), bisallyl diglycol carbonate (CR-39, an opti-
cal plastic), and diamond.

Erosion observed by this experiment ranged from 75-nm for diamond (which
appears to be particularly resistant to oxidation under these conditions), to
about 10,000 =nm for the poly-carbonate resin, CR-39, which was the most heavily
eroded sample reported on any flight exposure.

The temperature dependence of the oxidative effects was measured by conduct-
ing the erosion measurements at three temperatures spanning about 1200C. The
Arrhenius activation energy, AE, was estimated, assuming:

r = A e-AE/RT

where r is the rate of the reaction and A is a constant assumed independent of
temperature T. These studies were performed for 6 materials, vitreous carbon, 2
graphites, CR-39, silver, and osmium. All activation energies were small and
positive.

The conclusions from the measurements on various forms of carbon exposed in
the STS-8 mission appear applicable to organic solids in general. They may be
summarized as follows:

1. Measured erosion was linear with total fluence (Fig. 1).
2. No induction time was observed before onset of erosion (Fig. 1).
3. Erosion rate linear with oxygen flux (i.e., reaction probability

independent of flux) measured over a small range 1.5 to 2.5 x
10 15 atoms cm-2 s-1.

4. Arrhenius activation energies for the reactions were measured (Fig. 2)
as follows:

vitreous carbon
	

1200 (cal mole-1)
graphite (basal plane)
	

1400
CR-39
	

1050
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5. Reaction probabilities depend on temperature as shown in (4) above.
Reaction probabilities for carbons exposed at -300 0K ranged from .1 to
.15 where reaction probability equals the number of carbon atoms lost
divided by the number of incident oxygen atoms.

6. No effect was observed on the measured erosion rates (at the 5% level)
which could be ascribed to the presence for absence either of solar UV
or of charged oxygen species.

The silver and osmium data has not been fully analyzed, but it is clear that
the apparent activation energy of the rate-controlling step in both the osmium-
loss process and for the production of bulk silver oxide under these conditions
is positive.

(c) Atom Scattering at Orbital Velocities

When an atom or molecule strikes a surface a number of processes may take
place. Some of these are:

1. Accommodation of momentum and energy.
2. Chemical reaction with a surface atom or adsorbed molecule.
3. Recombination, dissociation or excitation of projectile species.
4. Sputtering.

Measurements of the spacial and energy distribution of scattered species
provides a probe of the interaction potential existing between the projectile
and target species. Understanding of the processes taking place during such an
interaction requires some knowledge of this potential.

While the UAH experiment was passive and very simple, it has provided a uni-
que measurement of the angular distribution of oxygen atoms scattered from a
polished carbon surface in orbit. It was not capable of measuring the velocity
or energy profile of scattered species. The apparatus has been described else-
where (Ref. 3), and the data has been used to estimate satellite lift and drag
parameters (Ref. 4).

The scatterometer, shown in Figure 3, consisted of an aluminum enclosure, a
polished vitreous carbon disc mounted so that the stream of fast atoms passing
through the entry slit impinged on its center at 550 . Detection of reflected
atoms was accomplished by a silvered strip of clear CR-39 plastic mounted in
the can like the x-ray film in a diffraction camera.

Silver absorbs oxygen atoms with efficiency -100% and is converted to clear
oxide. Increase in optical transmission measured with a scanning optical den-
sitometer yields reflected 0 intensity as a function of angle.

The resultant angular distribution of 5eV 0 atoms is shown in Figure 4.
Such a distribution is described as wide lobular with a maximum intensity in the
reflection hemisphere 150 from the surface normal.
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A calculation of the mass balance for atomic 0 showed that the silver con-
verted to oxide accounted for at least 80% of atoms incident on the carbon
(after deducting those which reacted with carbon).

Conclusions, discussed more fully in Ref. 3, are that the incident atoms are
almost, but not quite, fully accommodated at the carbon surface, and that recom-
bination efficiency (to form 0 2 molecules is low (<20%). We intend to pursue
further studies of scattering in this energy regime both in space and in simula-
tion facilities on the ground.
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Introduction

Since the earliest flights of the space shuttle (STS I, II and III), it
has been recognized that exposure of a wide variety of materials (organic,
inorganic and metallic) to the LEO environment has resulted in significant
changes in their physical state and/or properties. The observed phenomena have
included such things as surface erosion, weight loss, oxidation, changes in
absorptivity and emissivity and in some cases even changes in bulk properties
(modulus). Over the past few years, literally hundreds of samples have been
exposed to the LEO environment on shuttle flights and returned for analysis.
Based on the results of these studies it is believed that the observed material
degradation is related to the presence of the rarefied atmosphere through which
the shuttle flies® In particular, it is postulated that atomic oxygen in the
atmosphere is the primary active agent l )® To date, most of the flight
experiments have been directed toward material screening activities. Experi-
ments dedicated to elucidating the mechanisms of the observed degradation have
been limited, and in a number of cases, potentially valuable information has
been compromised or lost completely due to contamination or sample mishandling®
Consequently, the underlying mechanisms of the degradation are still largely
unknown. In this paper, we will discuss the LEO environment, the critical
issues relating to 0-atom degradation, some analytical techniques for studying
the problem and some preliminary results on mechanisms® The purpose here is
not to give all the answers concerning atomic oxygen degradation; rather it is
to state clearly the questions and to point in the direction that we believe
must be followed in order to find the answers in the most expeditious manner.

Environment

The LEO environment under consideration is defined by the shuttle orbital
flight altitude which generally ranges from 200 to 500 km where the total pres-

PREC.EDING PA('3E BLANK NOT FILMED
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sure is _10®7_ 10-8 torr corresponding to an atmospheric number density of
tt109 cm- 3 ® The shuttle velocit^ is - 8 km/sec which corresponds to a particle
flux of 10 14 -1015 particles/cm -sec as the vehicle sweeps through the atmo-
sphere® At this altitude, the atmosphere is primarily comprised of ground
state (0 3 P) atomic oxygen (-80%) and molecular nitrogen (-20%)® Helium be-
comes important only at higher altitudes and the ion concentrations are 103
times lower than neutrals® The velocity of the shuttle is almost an order of
magnitude greater than the thermal velocities of the atmospheric gasses;
therefore, most gas collisions with the spacecraft occur on the forward or
ram surfaces® The kinetic energy of the collisions with atmospheric consti-
tuents is high (-5eV for O-atoms) resulting from the high vehicle velocity®
It is important to understand that a thermal velocity of 8 km/sec for O-atoms
would correspond to a temperature of -60,000K! Under these conditions, it is
not surprising that macroscopic changes in materials have been observed®

Critical Issues and Approach

Several critical issues related to Odatom interactions with materials
have been identified® These include questions like:

1) Is the observed loss of material due to ablation or more complex
chemistry?

2) What is the energy dependence of 0-atom interactions with
materials?

3) Is the degradation dependent on the angle of collision with the
atmospheric constituents?

4) What is the effect of surface temperature?

5) What are the degradation products and what is their energy
distribution?

6) Are the effects confined to the surface or are changes occurring in
the bulk?

Fragmented data exists relating to some of these questions. Clearly, a more
structured approach is necessary to come to a final conclusion on these
issues. A four point approach including

1) carefully planned and executed flight experiments,

2) development of ground based capabilities to simulate the LEO
environment,

3) extrapolation (where possible) of data from conventional atomic
oxygen studies, and

4) theoretical modeling
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is proposed to lead ultimately to a complete mechanistic understanding of the

interactions.

The bulk of the efforts in mechanistic investigations to date has

involved analysis of flight samples and to a lesser extent, samples exposed
to ground based 0-atom sources. The techniques applied to study these

samples can be divided into two groups, those designed to interrogate the

surface and those which can measure bulk properties, Table I lists some of

the applicable analytical techniques.

TABLE I. EXPERIMENTAL METHODOLOGY FOR ANALYSIS OF EXPOSED SAMPLES

SURFACE TECHNIQUES
	

BULK TECHNIQUES

® SEM
	

* WEIGHT LOSS MEASUREMENTS

• SURFACE ENERGY ANALYSIS
	

® TRANSMISSION FTIR

• ESCA
	

e SOL-GEL STUDIES

• FTIR-ATR
	

• HPLC

• RAMAN SPECTROSCOPY
	

• STRESS-STRAIN MEASUREMENTS

® UV-VISIBLE REFLECTANCE SPECTROSCOPY ® DYNAMIC MECHANICAL RESPONSE

0-Atom Effects on Polymers

In the early stages of the investigation of 0-atom effects on polymers,

a key question to be answered was whether the observed loss of material was

due to simple ablation or if more complex chemistry was going on® If the

mechanism is ablative, then all organics should show approximately the same

erosion rate® If more complex chemistry is involved, then the erosion rates
should be material specific® There is now considerable evidence that the
latter is the case® Table II shows reaction efficiencies for a number of

polymers determined from 0-atom fluence calculations ( 2 ). The data clear-
ly show that the erosion rates vary by more than two orders of magnitude in

going from Teflon ® to Mylar®® Furthermore, it is known that metals which

form volatile oxides (i.e., osmium) suffer serious erosion as compared to

those which do not. Both of these facts point clearly to a chemically based

mechanism for erosion®

If indeed chemistry is occurring on the surface, it is important to un-
derstand what the reactions are® The study of the reactions of atomic oxygen

with organic molecules has been carried out extensively for many years® It

is known for example that the interaction of 
3p oxygen with hydrocarbons gen-

erally results in hydrogen abstraction while 
10 

oxygen usually undergoes in-

sertion. Unfortunately, these data are for low energy 0-atom reactions® It

is not understood what the effect of 5eV of translational energy will have on
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TABLE 11. REACTIVITY OF ATOMIC OXYGEN AND MATERIALS

MATERIAL
REACTION EFFICIENCY

(10-24 cm3 ( IMPINGING ATOM)

TEFLON ® < 0.03

2516 POLYSILOXANE-POLYIMIDE 0.3

POLYVINYLIDENE FLUORIDE 0.6

CARBON 1.2

POLYSTYRENE 1.7

KAPTON ® 3.0

POLYETHYLENE 3.7

MYLAR ® 3.9

the reaction pathways. Preliminary results by Arnold, et al (3) suggest a
significant effect of translational energy on erosion of KaptoA

Predicting reaction pathways on the basis of thermodynamics is not a
foolproof method. For example, the enthalpies of several reactions of 0(3P)
with aromatic hydrocarbons are shown in Figure 1. The results of molecular
4ejm experiments on reactions of 0( 3 P) with benzene are shown in Table III
(( . It is seen that the formation of the phenoxy radical is highly fa-
vored over the formation of phenol even though the latter is far more thermo-
dynamically stable. Two other relevant pieces of information can be gleaned
from this data. First, there is an obvious effect of collision energy on the
products, although the conditions still represent very low energies (.1-.30)
compared to the LEO environment. Secondly, there is a significant isotope
effect observed when perdeuterobenzene is used. This again points to the
chemical nature of the interactions.

0.

0 (3P) + C
6 H6_
	 I + H, AH298 = -15.9 kcal / mole

OH

0 ( 3 P) + C 
6 
H 
6 —	 AH298 = -102.4 kcal 1 mole

i
0 ( 3P) + C

6 H6
+ OH, AH298 = +8.4 kcal I mole

0 ( 3P) + C
6 H6_

 I	 I + CO, AH 298 = -73.8 kcal 1 mole

Figure 1. Energetics of several alternate reaction path-
ways between supersonic beams of 0( 3 P) atoms and benzene
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TABLE I l l a OBSERVED REACTIONS OF 0 ATOMS WITH BENZENE

COLLISION ENERGY

REACTION PRODUCT
04 28 eV 0®11 eV

0 +C 
6 

H 

6
C6H5OH 16% < 5%

C6HSO• +Ha 8476 >95%

0 +C 
606

C6D5OD 50% 15%

C6D50• + D . 50% 85%

If specific chemistry is going on at the surface of materials, then the
question is whether effects will be transmitted to the bulk. Stress-strain
measurements have been made on several materials returned from the STS 8
flight® Figure 2 shows this data for PMMA and Well 1700 Polysulfone®®
Clearly, the modulus of the PMMA is unchanged while behavior of the polysul-
fone is altered considerably after exposure. The question of UV irradiation
contributing to this behavior has been investigated in this laboratory, and
the results indicate that IN alone cannot be responsible, although potential
synergistic effects of UV with 0-atoms have not been investigated.
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A further indication of bulk material involvement comes from a study of
polyethylene (PE) and polyether-etherketone (PEEK) of varying degrees of crys-
tallinity. Samples of both PE and PEEK were prepared from the melts in two
ways. One set was fast quenched while the other set was slowly cooled, re-
sulting in otherwise identical samples of lower and higher crystallinity re-
spectively. In both cases, the samples with the higher crystallinity dis-
played significantly lower erosioq 

5 
rates when exposed to the oxygen atom

source at Physical Sciences, Inc.	 The variation of sensitivity with
morphology probably is a sign that diffusion of either the O-atoms themselves
or some intermediate is occurring from the surface into the bulk. Slower dif-
fusion of small molecules into the crystalline phase as compared to the amor-
phous phase in semicrystalline polymers is well known. If diffusion is an
important process, then one would expect to see significant temperature ef-
fects on the degradation. This has not been observed to date; however, the
issue is still open to some debate.

Polyethylene - Case Study of a Flight Experiment

The level to which 0-atom interaction mechanisms are understood at this
time can be .seen by looking at the results of flight exposure studies per-

formed on polyethylene. Thin films flown on the STS-8 shuttle flight showed
a weight loss of -1.3 mg /cm 2 . Exposure on this flight was for 40 hours and
corresponded to a fluence of # 3X1020 O-atoms/cm 2 which yields a reactivity of
-4®3X10

-24
 gm/impinging atom or -3. g X1O-24 cm3/impinging atom. The rate of

volatiles leaving the surface can be estimated if an assumption is made about
their average molecular weight. Volatile products might be expected to be
things like CO, CO2 , H2 O, or CHO which would give an average molecular weight
of -30 gm mole. Using this value and the measured weight loss data, a value
of # 2X10 1  molecules/cm 2 -sec can be determined for the rate of volatiles
leaving the surface.

The identification of the volatiles leaving the surface is yet to be de-
termined. As of now, the only clues that are available concerning the nature
of the chemistry occurring comes from analysis of the exposed surface of the
films. Table IV shows the results of ESCA analysis on control and exposed
samples.

Clearly, the exposed surface is highly oxidized. Unfortunately, ESCA is
not capable of distinguishing between all types of oxides. What can be seen
is that there are both CO groups (ketones, ethers and/or alcohols) and COO
groups (acids) on the surface. There are apparently no esters remaining on
the exposed surface. It is also of interest to determine if significant ole-
fin formation occurs on the surface. To answer this question, control and
exposed samples were treated with osmium tetroxide which quantitatively adds
to olefins according to the reaction below.

\Os^

0	 0

+ 0s04
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ESCA analysis of the treated surfaces of control and exposed polyethylene
showed only a slight increase in osmium binding in the exposed sample (0.3%
to 0.6%) thus indicating that olefin formation is not a major process in the
case of polyethylene.

TABLE IV. ESCA MALYS IS OF POLYETHYLENE SURFACE

C 1 C2 C3 0

THEORETICAL 100.0 -- -- --

CONTROL 99.2 -- -° 0.8

EXPOSED 81.5 4.5 3.1 9.9

C 1 = -C-C- OR	 -C = C-

0

it
C2 = -C-, -C-0-C-, -C-O-H

0

C3 = -C-OH

From the results described above, a strawman degradation model has been
developed for 0-atom degradation of polyethylene. Such a model is shown in
Scheme I. It is likely that the pristine polyethylene surface undergoes pri-
mary oxidation resulting in both volatiles and surface oxides. Subsequently,
there are secondary oxidation processes resulting in further volatilization
and secondary oxide formation. Probably, an equilibrium among the surface
oxides is rapidly achieved and maintained as erosion occurs. This is borne
out by the fact that analysis of polyethylene samples from several shuttle
flights shows similar surface chemistry.

Clearly, a great deal is yet to be understood about the mechanisms of
0-atom attack on materials. A considerable effort involving further flight
experiments, ground based simulation and theoretical modeling is the only way
to achieve this understanding. The results of such an effort will have pro-
found effects on future LEO technology by providing the means to do reliable
life prediction and to choose or develop stable materials for that harsh en-
vironment.
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-C- + 0

VOLATILES (CO, OH, CHO, ?)
0

11

- C-

-C-O-C-

-C-O-H

VOLATILES (CO, CO2, ?)
0	 0

11	 it

-C- + 0	 -C-OH
0

-C-O-C

0
-C-OH + 0	 VOLATILES

Scheme I
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Kinetics and Mechanisms of Some Atomic Oxygen Reactions

R. J. Cvetanovic

Chemical Kinetics Division
National Bureau of Standards
Gaithersburg, Maryland 20899

Abstract

Mechanisms and kinetics of some reactions of the ground elec-
tronic state of oxygen atoms, (0 3P), are briefly summarized. The
summary refers to reactions of oxygen atoms with several different
types of organic and inorganic compounds such as alkanes, alkenes,
alkynes, aromatics, and some oxygen, nitrogen, halogen and sulfur
derivatives of these compounds. References to some recent compi-
lations and critical evaluations of reaction rate constants are
given.

Introduction

The low lying electronic states of free oxygen atoms are (with
their relative energy levels in Kcal/mol given in parentheses):
3P2 (0.0), 3P1 (0.45), 3Po (0.65), 1D2 (45.36), and 1So (96.59).

The energy differences between the three triplets ( 3P) states are
quite small and they are usually jointly referred to as the ground
electronic state of oxygen atoms. The excitation energy of the
first singlet state ( 1D2 ) is 45 Kcal/mol and that of the second
singlet state ( 1So) is 96 Kcal/mol. All these states may play a
role in atmospheric chemistry. The present summary of the chemical
properties of free oxygen atoms is confined to 0( 3P), the ground
electronic state, although some differences in the respective che-
mical behaviors are briefly mentioned.

Several different methods have been used to generate free 0
atoms for laboratory studies of their chemical behavior, as for
example

	

02+e-► 20+e	 (1)

	

NO2 + by -► 0 + NO	 (2)

	

N20 + Hg* -► 0 + N2	 + Hg	 (3)

	

03+hv->0+02	 (4)

	

N + NO - 0 + N2 	 (5)
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Over the past three decades, we have made use in our labora-
tory at the National Research Council in Ottawa, Canada, of all of
these methods. After allowance for the specific features of the
individual techniques used and the accompanying reaction environ-
ments generated, the results obtained were mutually consistent.
We have found the mercury photosensitized decomposition of N20
(Rn. 3) to be particularly convenient and have used it most ex-
tensively. N2 formed in this reaction provides a direct count of
the number of the ground state oxygen atoms generated and N20 it-
self is likely to react at an appreciable rate with free radicals
and atoms only at elevated temperatures.

In the following it will be possible only to present a con-
cise summary of the main features of 0 atom reactions with diffe-
rent types of chemical compounds and to list several references to
more detailed accounts and bibliography. The summary consists of
two parts, dealing respectively with 1) the main features of the
reaction mechanisms and 2) the trends in the reaction rates un-
der different reaction conditions.

Reaction Mechanisms

Types of primary mechanisms of oxygen atom reactions
Interaction of free oxygen atoms with a molecule of particular

type may in principle result in one of the following types of che-
mical change: 1) "Abstraction" by the 0 atom of an atom from the
compound, 2) "Addition" (attachment) of the 0 atom to the compound,
3) "Replacement" by the 0 atom of an atom or atomic group (radical)
from the compound. Replacement includes also the isotope exchange
reactions of oxygen atoms. The term "Displacement" generally im-
plies that in a "Replacement" process the attachment of the 0(3p)
atom and departure of the displaced atom or radical take place si-
multaneously. A particular type of addition is 4) "Insertion" of
the 0 atom between two bound atoms in the compound (i.e. insertion
of the 0 atom into a chemical bond in the compound). In as much as
one of these types of chemical change can be identified and shown
to result directly from the chemical interactions in the primary
reaction step, it represents the primary reaction mechanism.

Mechanisms of oxygen atom reactions are determined by identi-
fying the primary reaction products. However, a primary reaction
product may sometimes be unstable and very short-lived and there-
fore difficult to observe experimentally. Thus, for example, if an
addition is followed rapidly by fragmentation of the adduct, it
may simulate an abstraction or a displacement and be classified as
such. An example l of a mechanistic ambiguity of this kind is pro-
vided by the reaction of 0( 3p ) with H2S

0( 3p ) + H2S - [H2S0) * - products	 (6)

48



which appears to proceed entirely or predominantly by H atom ab-
straction. In fact, many "Replacement" or "Displacement" reactions
may actually be additions followed by rapid fragmentation. Regard-
less of such ambiguities, discusion of reaction mechanims in terms
of basic types of chemical change is generally useful and informa-
tive.

Abstraction reactions of 0 atoms
In the ractions of 0( 3P) atoms with alkanes (RH) the reaction

products observed'(under appropriate conditions to minimize secon-
dary reactions) are H2O and alkyl radicals (R) formed by abstrac-
tion of H atoms by 0 atoms. The primary reaction mechanism is

0( 3P) + RH , OH + R	 (7)

The spin-forbidden insertion to produce an alcohol (ROH) does not
occur. In contrast to this, the allowed insertion of the electro-
nically excited singlet O( 1D2) atoms into the CH bonds of alkanes
to form "hot" (vibrationally excited) alcohols occurs readily.2

Attack of 0( 3 P) atoms on aldehydes (RCHO) (and some other al-
kane derivatives, such as alcohols, thiols, haloalkanes etc) also
involves H atom abstraction, e.g.

0(3p)  + RCHO -► OH + RCO	 (8)

The suggested different reaction path, such as addition of 0(3P)
to acetaldehyde to form acetic acid

0( 3P) + CH3CHO -> CH3000H 	 (9)

apparently does not occur.3,4
In the case of simple alkenes 5,6 , at least at not too elevated

temperatures and with 0( 3P) atoms not kinetically excited ("hot"),
abstraction cannot compete effectively with the very rapid 0(3P)
addition to the double bond. However, at sufficiently high tempe-
rature, or with sufficiently "hot" 0( 3P) atoms, abstraction of H

atoms should be expected to become more important.

Addition reactions of 0 atoms
One of the most important kinetic properties of 0( 3P) atoms is

their ability to add rapidly to unsaturated CC bonds or to S atoms
in some sulfur containing organic compounds.

In the gas phase 0( 3P) reaction with alkenes two general types
of products due to the initial addition of 0( 3P) are observed un-

der normal laboratory conditions: 1) stabilized adducts and 2) the
products formed by fragmentation of the initial adducts (including
products from secondary reactions of the free radical fragments
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formed). The stabilized adducts are of two types: 1) those formed
by attachment of 0 atoms to the double bond (the epoxides) and 2)

those formed by molecular rearrangement of the initial adducts,
which are almost exclusively carbonyl compounds (aldehydes and ke-
tones). The rearrangement products are formed by 1,2 C to C shift
of a H atom (or less frequently radical group) from the C atom to
which 0( 3P) adds to the other C atom of the original double bond.
Formation of epoxides is nonstereospecific: with either cis- or
trans -2-butene, for example, both cis- and trans -2-butene oxide
are produced and their ratio is different in the two reactions and
is also temperature dependent.

The products observed in 0-alkene reactions are generalized in
a set of "predictive" rules, which define the expected compounds
from particular reactions and also define the basic reaction me-
chanism. It is not possible in a brief summary to present in a sa-
tisfactory way all the aspects of the versatile behavior of 0(3P)
atom alkene reactions and a detailed reaction mechanism. The sub-
ject has been recently discussed in some depth by Cvetanovic and
Singleton. 6 The overall sequence of events can be described in a
simplified manner using the 0( 3P) reaction with cis- 2-butene as an
example:

CH3 CH3	 CH3 CH3

0 +	 C=C	 C-C.

H	 H	 H 0. H

(triplet biradical)

- cis- 1,2- epoxybutane* + trans- 1,2- epoxybutane*

CH3CH2C(0)CH3* + (CH3)2CHCH0*

- Pressure independent fragmentation (into CH3, etc)

To explain the observed products, it is necessary to postulate
that the initial adduct is a triplet biradical. This intermediate
subsequently rapidly rearranges into highly vibrationally excited
("hot") epoxides and carbonyl compounds or undergoes a rapid "pre-
ssure independent" fragmentation (which may also include displace-
ments, as defined in an earlier section). The "hot" epoxides and
carbonyl compounds undergo at lower pressures a "pressure depen-
dent fragmentation" and tend to be collisionally stabilized at hi-
gher pressures. In condensed media6,7 the pressure dependent frag-
mentation is suppressed, as expected.
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The 0( 3P) reaction with cyclopentene illustrates some interes-
ting rearrangement and fragmentation reactions dictated by a par-
ticular structure of a structurally constrained system. $ The ini-
tial triplet biradical in this system undergoes partly the usual
rearrangement into the "hot" cyclopentene oxide and cyclopentanone
but it also undergoes the equivalent of the pressure independent
fragmentation (or "displacement") which in this case, because the
"displaced" group is part of the original cyclopentene ring, leads
to the formation of a ring-opened biradical. The latter undergoes
substantial molecular cleveage (into ethylene and acrolein) and a
ring closure (mainly into the C4-ring cyclobutyl aldehyde and to a
minor extent into the C6-ring dyhydropyrane by incorporating the
oxygen atom into the closed ring).

The general mechanism of 0 atom addition to alkynes 9 resembles
that for the addition to alkenes. Fewer mechanistic studies have
been done so far for 0 atom additions to aromatic hydrocarbons.
In the 0( 3P) reaction with benzene 10 the main product is a non-vo-
latile material difficult to characterize. However, the direct ad-
duct, phenol, is also formed in smaller amounts (about 13% of the
benzene consumed). In the reaction with toluene ll , 15-20% of the 0
atoms reacted are recovered as the direct adduct, cresol. An in-
teresting directional effect is observed: only o-cresol and p-cre-
sol (in a ratio of about 3:1) with very little or no m-cresol are
formed. The directional effect is consistent with the electrophi-
lic character of 0( 3P) atoms.

0( 3P) atoms rapidly add to S atoms functionally bound in orga-
nic sulfides and disulfides, 12 , 13 as for example in dimethyl sul-
fide and dimethyl disulfide. Some of the kinetic features of these
addition reactions are similar to those in the analogous . alkene

reactions.

Reaction Rates

Determination of the rate constants of 0(3P) reactions is ex-
perimentally demanding and some early measurements were subject to
large uncertainties. Determination of relative rates instead of
the absolute values proved very useful for probing into the trends
in rates as the structure of compounds reacting with oxygen atoms
is varied. 6 Reliable techniques are now also available for deter-
mination of absolute values of the rate constants. One of these,
the phase shift technique for absolute measurements of the rate of
0( 3P) atom reactions, was developed and extensively used in our
laboratory. Another excellent and much used technique is the reso-
nance fluorescence method. Gratifyingly, comparision of results
obtained by these absolute techniques and with the earlier relati-
ve rate determinations shows remarkably good agreement.6
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Several examples of 0( 3P) rate constants (in 1012cm3mol-ls-1)
obtained by these three techniques at 298K are listed bellow.

Reactant Phase-shift
technique

Resonance-fluore-
scence	 technique

Relative*
rates

Ethylene 0.42 0.49 0.45
Propylene 2.28 2.21 2.6
1-Butene 2.42 2.46 2.6
cis-2-Butene 10.6 10.3 10.6
Isobutene 10.4 11.2
Trimethylethylene 31.1 35.4
Tetramethylethylene 45.8 47.7 45.4
Dimethylsulfide 31.1 33.3
Dimethyldisulfide 60.2 59.9

* Relative rates normalized to absolute values

Trends in the values of rate constants of 0( 3P) reactions are
reviewed and discussed in a number of publications. 5 , 6 , 14 - 16 The
electrophilic trend in the rate constants of 0( 3P) reactions with
alkenes is demonstrated by the monotonous increase in the rates as
the number of alkyl group substituents at the double bond is in-
creased. A number of numerical correlations, such as correlation
with the ionization potentials of the olefins or with the rates
observed with the same olefins reacting with another electrophilic
reagent, provide additional support for the electrophilic charac-
ter of these atom-molecule reactions.

Data Bases for 0( 3P) Reactions

Compilations and critical evaluation of chemical kinetic data
for the elementary reactions of 0( 3P) atoms with unsaturated hy-
drocarbons are currently conducted by the Chemical Kinetics Data
Center of the National Bureau of Standards. This activity is a
part of a larger effort directed towards the development of a com-
prehensive general evaluated chemical kinetic data base. More spe-
cifically, it is a part of an extensive data base, currently deve-
loped by the Chemical Kinetics Data Center, which deals with.che-
mical oxidation processes, in particular those involved in thermal
combustion and in the atmospheric chemistry. The data bases are
intended to provide easily accessible sources of critically eva-
luated rate data for use in computer modeling and in general re-
search.
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The following compilations and critical evaluations have been
completed or are currently in progress:

(1) "Chemical Kinetic Data Base for Combustion Chemistry.
Part 1. Methane and Related Compounds". W. Tsang and
R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

(2) "Chemical Kinetic Data Base for Combustion Chemistry.
Part 2. Methanol", W. Tsang. (Submitted for publication)

(3) "Chemical Kinetics Data Base for Combustion Chemistry.
Part 3. Propane, n-Propyl, and i-Propyl", W. Tsang.
(In preparation).

(4) "Chemical Kinetic Data Base for Combustion Chemistry.
Part 4. t-Butyl, i-Butyl, and i-Butane", W. Tsang.
(In preparation).

(5) "Evaluated Chemical Kinetic Data for the Reactions of
Atomic Oxygen 0( 3P) with Unsaturated Hydrocarbons".
R. J. Cvetanovic. (Submitted for publication).

(6) "Evaluated Chemical Kinetic Data for the Reactions of
Atomic Oxygen 0( 3P) with Sulfur Containing Compounds".
D. L. Singleton and R. J. Cvetanovic.
(In preparation).

(7) "Evaluated Chemical Kinetic Data for the Reactions of
Atomic Oxygen 0( 3P) with Saturated Organic Compounds"
John T. Herron. (In preparation).

(8) "Compilation of Chemical Kinetic Data for Combustion
Chemistry. Part 1. Non-aromatic C,H 2 O,N, and S Contai-
ning Compounds (1971-1982)".
Francis Westley, John T. Herron, and R. J. Cvetanovic.
(Submitted for publication).
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Product Energy Distributions and Energy Partitioning in 0 Atom
Reactions on Surfaces.

Bret Halpern and Moris Kori 	 Department of Chemical Engineering, Yale
University, New Haven, Connecticut 06520

Introduction

Surface reactions involving 0 atoms are likely to be highly exoergic, with
different consequences if energy is channeled mostly to product molecules or
surface modes. Thus the surface may become a source of excited species which
can react elsewhere, or a sink for localized heat deposition which may disrupt
the surface. The vibrational energy distribution of the product molecule
contains strong clues about the flow of released energy.

Two instructive examples of energy partitioning at surfaces are the Pt
catalyzed oxidations

Cads	 + Oads	 -------->	 CO	 T > 1000 OK	 I

COads + Ogas	 -------->	 CO2'^	 T	 300 OK	 II
(Pt oxide)

We recorded the infrared emission spectra of the excited product molecules and
from them determined vibrational population distributions. In reaction I,
energy appeared to be statistically partitioned between the product CO and
several Pt atoms. In reaction II, partitioning was non-statistical; the
CO 2 asymmetric stretch distribution was inverted. In gas reactions these
results would indicate a long lived and short lived activated complex, and
similar pictures may describe these surface reactions.

The experiments and spectra have been described elsewhere (1 2), so the
review given here will be abbreviated. A Pt oxide appeared essential in
reaction II; we will discuss evidence for it. We will also estimate the
fraction of the released energy that is deposited in the catalyst.

Experimental

All experiments were carried out in a large vacuum chamber pumped at a
speed of 10,000 lit/sec. High fluxes of atomic and molecular reactants were
directed at a Pt foil, and a steady state flux of vibrationally excited
product desorbed into background pressures low enough to avoid vibrational
deactivation.	 Radiation from desorbing product molecules was collected
and analyzed in in a Fourier Transform Infrared Spectrometer at a resolution
of .1 cm 1 . The foil temperature, background pressure and reactant flow rates
were all under experimental control. The background pressures were adjusted to
rotationally cool the emitting species while avoiding vibrational energy loss.

Oxidation of Carbon

Carbon atom targets were supplied by decomposing butane or methane on a Pt
foil maintained at T = 1000 OK in a simultaneous flux of 02 . Reaction takes
place between adsorbed C and adsorbed 0. The relative flow of hydrocarbon and
oxygen was adjusted so that the steady state coverage of carbon was low in
order to avoid graphite formation. The carbon coverage was sensitively
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monitored by measuring thermionic electron emission; a monolayer of C
increases emission by a factor of 1000. It did not matter if the 0 atoms were
supplied directly from the gas phase or via dissociatively chemisorbing 02.
This is a consequence of the low C atom coverage; the Langmuir - Hinshelwood
mechanism is favored so that the origin of the 0 atom is not important.

The CO emission spectrum exhibited clearly resolved rotational lines
from as high as the seventh vibrational level (1). 	 The derived population
distribution , at least for v > 2, looked nearly Boltzmann, but the plot of
In population versus vibrational quantum number had a downward curvature. The
1°temperature s for this distribution was approximately 4000 OK, whereas the
surface temperature was at most 1400 OK. The population of v = 1 was higher
than expected from the trend of other levels, and we attributed this to
vibrational relaxation via conduction electron excitation prior to CO
desorption.

The distribution resembled those observed for the excited CO products in a
number of gas phase reactions of an 0 atom and an organic molecule. By analogy
we regarded reaction I as proceeding through a complex of bound C, mobile 0 and
a group of n Pt surface atoms. Reaction energy E was randomized in the C-O-Pt
complex and partitioned statistically among the various modes of the CO
product and. the s = 3n vibrations of the Pt atoms. The distribution of
vibrational energy in the product CO is given by a prior distribution P o(v) (3)

P 0 (v) —	 ( 1- E /E)s - 1+ O/2
	 111

where e = v h y°, and cV, = 5 is the number of degrees of translational and
rotational freedom. A statistical distribution implies that the C-O-Pt
complex is sufficiently long lived to assure energy randomization, but is
uncoupled from the surrounding Pt surface during the reaction time.

The number of Pt atoms involved in energy partitioning was found by
fitting the experimental distribution to the prior distribution for v > 2.
The value of E is not precisely known, since it must incorporate an uncertain
chemisorption energy for carbon as well as an unknown activation energy. For
reasonable values of E from 3 - 5 ev the best fit to the distribution gives
s between 8 and 9. Thus, 2 - 3 Pt atoms strongly share in the released
energy, and the distribution of vibrational energy appears to be statistical.

Oxidation of CO

The oxidation of CO on Pt is usually carried out by supplying oxygen as
02 from the gas phase. Modulated molecular beam experiments have established
that it is a Langmuir Hinshelwood process (4), and infrared emission spectra
have shown that the CO2 product is vibrationally hotter than the Pt catalyst
(5). A — 1 ev activation energy is partitioned among the CO 2 product modes
and the catalyst. Energy disposal does not favor any internal or translational
mode overwhelmingly. There is no evidence for population inversion, and
vibrational populations in asymmetric stretch, symmetric stretch, and bending
are adequately described by temperatures between 1000 OK and 2000 OK. By
supplying 0 atoms directly from the gas phase we make — 4.1 ev available for
partitioning. Our object was to find out if the vibrational distribution would
be significantly changed, and if so, what change in mechanism was responsible.
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The product of Reaction I was a highly excited CO 2* molecule (2). There
are several singular points of contrast with the conventional CO oxidation.
Reaction took place at room temperature, with zero apparent activation
energy. The asymmetric stretch emission spectrum was unusual, suggesting a
population inversion and high energy content. The room temperature reaction
did not proceed on clean Pt but only on Pt that had been heated to 1700 OK

and cooled in atomic oxygen. The distinctive features of the excited CO2
emission spectrum are these:

a) Despite a resolution of .1 cm-1 the spectrum- fs diffuse 	 and shifted
to lower frequency from the region about 2350 cm	 where the 001 - 000
transition is located.

b) If the background pressure of 0 2 , CO, and 0 atoms is allowed to rise,
a resolved spectrum of CO radiating from v = 1 appears superimposed on the
diffuse spectrum. The diffuse CO 2 spectrum diminishes in intensity but does
not shift.

We interpreted these observations to mean that CO 2 desorbed with an
inverted vibrational distribution and high energy content. The spectrum is
shifted to lower frequency, coincidentally where CO emits, because the inverted
distribution gives a preferential occupation of higher levels where
anharmonicity has reduced the level spacing. The spectrum is diffuse because
in a highly excited triatomic the large number of contributing transitions
produces an overlap of rotational lines that overwhelms the resolution.

The CO emission onset at high pressure may be explained as follows. At
first sight it might be ascribed to collisions between desorbing CO 2 and
incoming CO, with a near resonant exchange of vibrational energy. This is
unlikely to be so. The desorbing CO 2 makes too few collisions between foil and
observation zone to permit even near resonant energy transfer. If energy
transfer were operative, then the CO 2 emission should have occured from lower
levels, rather than merely diminishing in intensity; this was not seen.
Collisional energy transfer does not explain the appearance of CO emission.
Therefore the CO2 must have been removed by reaction with one of the available
collision partners that were present at sufficient concentration. These
include the ground states of 0, CO, and 02 , as well as singlet delta molecular
oxygen.	 There are few reactions which may be written with those reactants
that might give a CO product at high yield;	 the only one which is
energetically plausible is

CO2 + 0 ---------> CO* + 02*	III

which requires a 2.6 ev activation energy. The only way for reaction III to
proceed at room temperature and 10 microns pressure is for the activation
energy to be carried in CO 2 vibration. (Calculations indicate that
translational energy is not effective in driving reaction III.) If that is
true then the vibrational energy content of desorbing CO2 must be on the
average —2.6 ev.

The participation of reaction III is the only explanation that is
consistent with the observations of CO emission, CO 2 destruction, and the
improbability of collisional energy transfer. As a consequence we can fix the
energy content of the excited product. This is important because the diffuse
nature of the emission spectrum makes it difficult to arrive at a unique
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distribution of quanta among the three vibrational modes of CO2 . The
constraint on the average energy, however, requires that most of the energy
resides in asymmetric stretch, since that mode has the largest vibrational
quantum. On that basis we derived the approximate distribution of energy in
asymmetric stretch shown in Fig. 1 (2).

1.0

msJ

Y-110,	 theory e

Fig.l Asymmetric stretch population
distribution of CO2 from reaction II
as a function of vibrational quantum
number v. The open circles are
derived from the infrared spectrum in
reference (2). The closed circles
are the distribution according to
surprisal theory, Equ. 4, as derived
in reference (8). The best fit is
found for s = 2.5, so that	 the
number of Pt atoms	 n = 1.

6	 10	 16
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The fact that most of the released energy remains in asymmetric stretch
may appear surprising given the high level of excitation. Nevertheless it
appears that the asymmetric stretch mode in CO2 is virtually uncoupled from
bending and symmetric stretch, which in turn are closely coupled. This has
been demonstrated for CO 2 (6,7) at high asymmetric stretch quantum numbers.
It is also plausible that the reaction energy is selectively channeled into
asymmetric stretch, since formation involves an adsorbed CO molecule and a
nearly free 0 atom.

We also analyzed the derived population distribution using surprisal
theory (3,8). The distribution P(v) resulting from a dynamically constrained,
non-statistical partitioning of energy is related to the prior, statistical
distribution P o(v) by

	

P(v)	 = A Po(v) exp ( X v / vm )	 [2 l

Here, v  is the highest level that is energetically possible, A is a
normalization constant, and X characterizes the dynamical constraints that
distort the prior distribution.

	

We evaluated P o(v)	 for a reaction complex composed of bound CO, a free 0
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atom, and a cluster of n surface atoms represented by s = 3n harmonic
oscillators. The reaction product is CO 2 with most of its energy in the
asymmetric stretch mode. 	 If the product were diatomic, rather than CO 2 , then
the prior distribution P o would be	 exactly as it was in Equ. 1. To deal
with triatomic CO2 we treat the asymmetric stretch mode as a diatomic
molecule, and regard it as the "product" of reaction, since much of the energy
is channeled into that mode, and since it is uncoupled from other CO2
vibrations. The symmetric stretch and bending modes are represented by three
oscillators	 (two for doubly degenerate bending), 	 which, like the s
oscillators of the cluster, can share in reaction energy 	 partitioning.	 The
prior distribution P o(v) can then be written as

P o(v) = (1- v / v  ) s - 1 + ^/2 + 3 = ( 1 - v /vm ) s + 9/2	 [31

where again, a( = 5. The asymmetric stretch distribution P(v) then becomes

P(v) = A ( 1 - v / v  ) s + 9/2 exp( X v / vm )	 [41

For an exoergicity of 4.1 ev the highest level is v = 16, 	 and the best
fit of Equ. 4 to the experimental distribution is found for X = 15.2 and
s = 2.5. The theoretical and experimental distributions are shown in Fig. 1.
The value of s = 2.5 means that n — 1, so the number of catalyst atoms
involved in energy partitioning is small. In contrast to reaction I, energy
partitioning in reaction II is highly non-statistical, and one expects a
smaller fraction of released energy to appear in the Pt cluster.

Discussion

We comment on two aspects of reactions I and II. The first is the
requirement. that Pt be heated in 0 atoms to promote reaction of atomic 0 and
CO at room temperature. The second is the partitioning of energy to the solid.

The formation of an oxide layer can have several effects. It provides a
surface that is "saturated" with oxygen, so that 0 atoms can only be weakly
bound. The energy E = 4.1 ev available for product vibration is then higher
than in the Langmuir-Hinshel wood CO oxidation. The oxide layer separates the
vibrationally excited CO2 product and the underlying conduction electron gas;
this reduces loss of vibrational energy via electron-hole pair excitation
during the brief CO2	residence time. There is some evidence from high
vacuum studies that a silicon impurity within the bulk is required to bind
oxygen. That may be true in our work, but our high 0 atom flux would in any
case favor the formation of Pt0 2 .	 It is of interest to find other
indications of oxide layer formation under conditions similar to those in our
infrared experiments. We have done this recently in a fast flow system at 1
torr pressure by means of a novel "chopped fast flow" technique (9).

Chopped fast flow is an adaptation of molecular beam chopping to study
heterogeneous kinetics by exploiting the high reactant and product fluxes
available in low pressure fast flow systems. In this technique, a catalyst
surface is exposed to reactant square waves in a steady carrier flow and the
transient response of a surface coverage or a reaction product is monitored.
In the experiment of interest, we generated a 5 Hz square wave of 0 atoms
by using a "vibrating needle" gas source (9) to direct a small 02 flow either
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into a microwave discharge or to a line bypassing the discharge. The 0 and 02
that periodically left the discharge flowed downstream to a hot Pt filament
(1300 0K < T < 1800 OK). The Pt filament was thus exposed to a square wave
of 0 atoms and 02 at low concentration in 1 torr of an inert carrier gas. In
addition, the filament was exposed to a steady flow of pentane that did not
pass through the discharge. Pentane decomposes on hot Pt to give chemisorbed
carbon, which is removed by the adsorbed 0 atoms supplied either by 0 or 02.
The rise and fall of carbon coverage was tracked by monitoring thermionic
emission with an electrometer whose output was fed to an oscilloscope.

Suppose that the microwave discharge is not activated. If carbon is
present on the filament, and the 0 2 square wave turns "on", carbon will be
oxidized and the emission current will drop. As soon as the 0 2 turns "off",
impinging pentane will quickly give rise to a monolayer of carbon, and the
emission current will increase. The key point is that the desorption time of
remaining chemisorbed oxygen is ry 2 microseconds at T = 1500 °K. When
the oxygen is off, the Pt filament instantly has sites available for pentane
adsorption and decomposition; the emission current rises immediately and
reflects the prompt buildup of a carbon monolayer. This is seen in Fig. 2.

CsH , a

on
off

0 2 or 0	 i SEC

j with 02

Fig.2 The top two curves are
timing diagrams of the 0 atom 5 Hz
"chopped" fast flow and steady
pentane flow. The lower curves are
oscilloscope traces of the response
of the thermionic emission current j
to carbon coverage formation and
removal by 02 or 0. When 0 atoms
are present, the buildup of carbon,
and thus the response of j, is
delayed until the oxide layer has
decomposed.

delay

j with 0

The sequence is different when the microwave discharge is activated. Then
0 atoms as well as 02 strike the filament in the '.'on" cycle; carbon is removed
and the emission current is low. In the "off" part of the cycle, however, one
observes that the onset of carbon deposition, and therefore of emission
current, is delayed. If the 0 atom concentration is increased by increasing the
microwave power, the delay becomes longer, as seen in Fig. 2. Evidently
reaction of 0 atoms with Pt at high temperature generates an oxide layer that
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decomposes or evaporates relatively slowly® This oxide layer does not
catalyze the decomposition of pentane; carbon deposition is then delayed
until the oxide disappears and makes available sites on bare Pt. In this way
these transient experiments support the idea that reaction of Pt with 0 atoms
at high temperature results in a layer stable at lower temperature.

The fraction of energy E s /E appearing in the catalyst is of practical
and fundamental interest® In reaction I, the CO vibrational distribution was
consistent with a statistical partitioning of energy, so we estimate E s on
that basis®

If the diatomic product CO had very closely spaced vibrational levels, and
the Pt cluster is treated as a collection of s loosely coupled oscillators,
then the average energies E t , Ev , E r , and E s of CO translation, vibration,
rotation, and Pt cluster vibration would stand to each other in a ratio given
by an equipartition argument as 3/2 : 1 : 1 s The fractions in each
mode would then be given by

E t /F = (3/2)/(s + 7/2)	 Ev /E = E r/E = 1 1(s + 7/2)	 E s /E = s/(s + 7/2)	 [51

However, the CO vibrational levels are widely spaced; the average energy in
vibration is given by a sum over the prior distribution:

(v/v ) ( 1 - v / v )s + 3/2
Ev /E	 =	

m	 m	
[61

( 1 - v 	 vm ) s + 3/2

The calculation of the remaining fractions involves integration over densities
of states and summations over the CO vibrational levels® The results are

E t/E = (3/2) R/(s + 5/2)	 Er/E = R /(s + 5/2) 	 E s/E = sR/(s + 5/2)	 171

where R is given by

( 1 - v / v ) s + 5/2

R	 =	
m	

[sl

( 1 - v / vm ) s + 3/2

For the values of s and vm in the range of interest here, R is about ®9b In
the limit as vm tends to infinity, the fractions in Equa 7 become equal to
those for continuous diatomic vibrational levels in Equ® 5® In fact, plots
of the various fractions versus the number s of oscillators are very similar
for the cases v = 16 and v	 = infinity® The main difference is that E /E is
less than E r /E m in the case of widely spaced levels, rather than equal to it
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as for continuous levels. Thus the fraction of energy appearing in the
catalyst for reaction I can be approximated by

Es/E = s /(s + 7/2)	 _	 .72	 [91

since s = 9 for a cluster of 3 Pt atoms. The value found from Equ. 7 is only
slightly larger. Because E s /E is so high, it is of interest to determine the
probability that sufficent energy can accumulate in one oscillator to induce
evaporation or diffusion. We will present the results of that calculation as
well as the details leading to Equ. 7 in a future paper.

In reaction II energy disposal was non- statistical. The average
energy in CO2 asymmetric stretch was fixed at roughly 2.6 ev on chemical
grounds so that the fraction of energy left for distribution to all other modes
is 1 - 2.6/4.1 - .365. This fraction is to be divided among CO2
translation and rotation, the three oscillators corresponding to bending and
symmetric stretch, and the s = 2.5 oscillators of the catalyst. If this is
done statistically, then the fraction of the energy appearing in the
catalyst	 oscillators during reaction II is given by

Es /E	 _	 .365 s/(s + 11/2) =	 .11	 [10)

As expected, this is much smaller than in reaction I.
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L Introduction

Surface erosion and surface glow are textbook examples of phenomena originating in
electronic transitions initiated by energetic particle-surface and photon-surface interactions. In
the low-earth orbit (LEO) environment, such electronic energy-surface interactions may be
triggered by ultraviolet radiation, by electrons and ions, or by low-energy collisions with
neutral atomic oxygen and nitrogen. These interactions are particularly efficient in dielectrics
because of their capacity to absorb, localize and rechannel electronic energy in ways which lead
to the desorption of atoms, molecules, ions and even clusters. And, in the LEO environment,
virtually all materials present a dielectric surface to the ambient radiation flux.

Recent research has established that the dominant constituents in electronically induced
surface erosion are ground-state neutral atoms and molecules. The next most important decay
channel for incident electronic energy is through electronic desorption of excited neutral
particles which decay radiatively in flight away from the surface -- thus causing a surface glow.
The rates for both erosion and glow processes are strongly influenced by the presence of
surface impurities, as well as by the nominal composition and thermal history of the surface --
all matters of significant concern for assessing the viability of spacecraft materials.

The experimental studies of desorption induced by electronic transitions (DIET) described
in this paper are producing an increasingly complete picture of the dynamical pathways through
which incident electronic energy is absorbed and rechanneled to produce macroscopic erosion
and glow. These mechanistic studies can determine rate constants for erosion and glow
processes in model materials and provide valuable guidance in materials selection and
development. However, they are not a substitute either for simulations or lifetime studies.
Instead, they provide likely clues to the tailoring of materials survive the rigors of the LEO
environment, and indeed, establish the scientific context within which the meaning of the
simulations and lifetime studies can be accurately assessed.

2. Historical Background

The first DIET experiments, beginning with the pioneering work of Menzel and Gomer [1]
and of Redhead [2] in the 1960's, centered primarily on the detection of ions desorbed from
surfaces by electrons. This work on electron-stimulated desorption (ESD) established the
general understanding that these processes involved electronic excitation to a repulsive potential
energy surface. A decade later, Madey and Yates showed that angular distributions of the
desorbing ions could provide detailed information about the surface chemical bond [3]. By the
late 1970's, the advent of synchrotron light sources had paved the way for photon-stimulated
desorption (PSD) experiments and aroused renewed interest in these phenomena, particularly
in dielectrics. The first model of a specific electronic desorption in a dielectric came from
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Knotek and Feibelman [4], who showed that the unexpectedly large yield of 0 + ions from Ti02
could be traced to a deep core-level excitation and localized hole-pair formation, leading to a
"Coulomb explosion" that ejects the 0 + ions from the near-surface layers.

However, it was clear that ESD/PSD of ions was not an efficient contributor to mass loss
from irradiated materials. A new perspective on electronically-induced surface erosion was
opened up in 1981, when Tolk et al. reported that the ESD yield of excited neutral alkali atoms
from alkali halide crystals exceeded the ion yields by some five orders of magnitude [5].
Shortly thereafter, similar results were found in the photon-stimulated desorption of Li from
LiF [6]. Since then, it has been established that the yield of ground-state neutral alkali atoms
from alkali halides, in turn, exceeds the excited-state yields by another one to two orders of
magnitude [7]. Efficient, electronically-driven desorption of neutral excited and ground-state
atoms is now recognized as the dominant phenomenon whenever dielectric materials are
irradiated by photons, electrons, metastable atoms or slow atoms or ions. However, neither
the Knotek-Feibelman nor the older Menzel-Gomer-Redhead models can account for the large
neutral ESD/PSD yields, so an adequate theory is still under development. At present, then, the
search for mechanistic explanations of glow and erosion in the LEO environment must take its
cues heuristically from DIET experiments on model materials.

2. Neutral Species Desorption Spectroscopy

A typical neutral-species desorption experiment is configured as in Figure 1. The incident
radiation -- photons, electrons, or heavy particles -- desorbs ground- or excited-state atoms and
molecules from the sample surface, which is maintained under ultrahigh vacuum conditions
(nominally 10-10 torr) to allow control of surface contamination. The particles ejected from the
surface radiate as free particles as they pass through the region in front of the surface. That
radiation is imaged by a focusing lens system through the slit of a spectrometer and onto the
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FIGURE 1

Schematic of an experiment using neutral species atomic and molecular spectroscopy to study
DIET processes.
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entrance port of a photomultiplier tube. Ground-state neutrals are made to fluoresce by the use
of a dye laser tuned to the transition frequency of a resonant transition in the species to be
identified. By scanning the spectrometer through the appropriate range of wavelengths,
radiation from the desorbing species can be identified and relative yields quantified by
integrating the spectral lines for each identified atom or molecule. On the other hand, if one
wishes to measure velocity distributions, one scans the laser through the range of frequencies
appropriate to the Doppler-shifted transition of interest; the atoms absorb at the appropriate
Doppler-shifted frequency appropriate to their rest frame, and the de-excitation radiation, when
plotted as a function of frequency, reflects the velocity distribution of the desorbing particles.
Further details of these optical techniques have been described elsewhere [8].

Typical results from a spectrometer
scan in such an experiment are shown in
Figure 2. The samples of NaF and NaCl
were maintained in ultrahigh vacuum, and
cleaned prior to electron irradiation by
heating for several hours. However, even
with this cleaning procedure, there were
impurities (H, OH and some unidentified
species with a vibrational spectrum
reminiscent of molecular radiation) still on
the surface which desoribed along with the
Na atoms from the substrate.

One of the points of interest in this
spectrum is that the amplitude of the Na
line is larger relative to the hydrogen lines
in the NaCl spectrum. This suggests that
desorption of the substrate atoms is less
efficient in NaF -- in other words, that the
presence of hydrogen or hydrocarbons on
the surface may affect the possibility of
electron-induced erosion. The vibration-
like bands at the right edge of each
spectrum have also become objects of
considerable interest, since its presence
appears to be correlated with a reduction
in the desorption efficiency for substrate
atoms [9]. It thus appears to be assoc-
iated with the existence of a protective
overlayer whose structure and compos-
ition are being investigated in more detail
at the present time.

FIGURE 2

Typical spectrometer scans for the
experimental geometry of Figure 1 in an
E.SD experiment on NaF and NaCl single
crystals. Note the difference between the
relative yields of the desorbing H and Na°
atoms for the two different substrates.
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4. Photon-Stimulated Desorption Thresholds

The experimental PSD data, typified by those of Figure 3, indicate that there is a broad
range of electron and photon energies over which the alkalis are desorbed with significant
efficiency from alkali halides by ESD/PSD. In the Figure, the yield of neutral sodium atoms
produced by photon bombardment of an NaCl single crystal surface is shown as a function of
photon energy. The curve shows some structure at the levels of the 2p and 2s sodium core
energy levels, but in general is rather featureless. This result is not surprising in view of the
dominant role of defect diffusion in the PSD process for ground-state neutrals (see below).
Similar results have been seen for a number of other alkali halides, including NaF, NaCl, NaEr
and NaI [10].

However, as Townsend pointed out in his pioneering paper in ESD on alkali halides [11],
if the creation of a self-trapped exciton is the first step in electronically stimulated desorption,
one needs only the energy requried to create the exciton on the dihalide molecule (X- ) to
initiate the process (typically a few eV). However, nearly all measurements of the stimulated
desorption process to date have relied on electrons or uv photons of significantly higher
energies than the few electron volts mandated by this requirement. Moreover, until the
development of the sensitive optical techniques necessary for tracking neutral desorption, it
was not necessarily easy to look for the onset of desorption yields.

Recent measurements using filters to block out different portions of the incident uv photon
energy spectrum show that the threshold for PSD of Li' from LiF is indeed to be very low.
Three spectral bins were chosen: from 0-13.2 eV (LiF filter), 20-90 eV (Al filter), and 0-200
eV, this last representing the full zeroth order spectrum transmitted through the toroidal grating
monochromator (TGM) used in this set of measurements. The relative yields were calibrated
by the convolution of the raw yield with a trapezoidal-rule integration of the measured response
of a gold photodiode to the tuned spectrum of the TGM. After deconvolution of the
monochromator efficiency from the raw data, it was found that that some twenty-five per cent
of the total neutral yield results from photons with energies below the band gap for the LiF
filter. This means that such desorption is likely to take place efficiently not only throughout
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the spectral range of the primary ultraviolet photons found in LED, but also that low-energy
photons produced in secondary processes may also produce significant effects.The low value
of this neutral emission threshold is consistent with results obtained by Schmid et al. almost a
decade ago using four-photon excitation from a pulsed ruby laser [12]. However, the present
results indicate that the process leading to alkali desorption is not intrinsically intensity
dependent, as the earlier laser results might have led one to believe.

Experimental studies of the thresholds and energy dependence for electron bombardment
of alkali halides indicate that the same general picture holds for ESD. For purposes on
estimating rates to, say, within an order of magnitude, it is appropriate to assume that the
efficiency for ESD/PSD processes producing ground-state neutral alkalis from alkali halides is
on the order of a few per cent, while the excited-state alkalis are produced with one to two
orders of magnitude less efficiency.

. Temperature Dependence of Electron-Stimulated Desorption Processes

Measurements of desorption as a function of sample temperature can give indications of the
degree to which diffusion or other thermally activated processes play a role in desorption [13].
Figure 4 shows a measurement of the fluorescence yield as a function of temperature for Li°
and Li desorbed from the (100) face of a LiF crystal under electron irradiation at an energy of
750 eV. The plot shows that the desorption follows the classic Arrhenius curve, but a
logarithmic plot of the data shows two slopes, with activation energies of 1.29 and 1.61 eV,
respectively. This may be due to the difference between "direct" desorption of Li° following
depletion of the halogen on the surface layer and the agglomeration of weakly bound alkali
atoms, on the one hand, and for "indirect" Li° desorption mediated by diffusion-driven defect
migration from the near-surface layers of the bulk material, on the other. At the highest
temperatures for which measurements were made, the saturation of the yield curve suggests an
equilibrium between the defect production and desorption rates.

FIGURE 4

Measured yields of LP (triangles) and
Li* (squares) desorbed by electron
bombardment from the surface of an
LiF crystal in ultrahigh vacuum. The
electron energy was approximately
750 eV. The Li experiment was
done in a different geometry than that
for Li° , so that the relative yields
cannot be compared from the figure.

Collateral evidence for the thermal character of ground-state neutral desorption comes from
the experimental determination of velocity distributions as a function of surface temperature.
Similar results have been obtained for ESD measurements on NaCl and for PSD experiments
on NaF, NaCl, NaEr and NaI [11], in both experiments, it was found that the measured
surface and best-fit temperatures were coincident and completely consistent with neutral
ground-state alkalis desorbing in thermal equilibrium with the surface.
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While the ground-state neutral alkalis exhibit features typical of thermally-desorbed atoms,
the excited-state alkalis show characteristics quite at variance with this picture. First of all, the
onset in the Li excited-state yield occurs at temperatures far below those necessary to desorb
ground-state neutral Li (Figure 4). Moreover, the behavior of the curve above 250° C certainly
does not resemble thermal desorption (Arrhenius curve with saturation) as is the case with the
Li°. PSD measurements of Na* from NaCl show a contrary behavior: The excited state yield
falls off strongly with temperature in the region where the ground-state yield is increasing most
steeply [14]. This behavior may be indicative of fundamental differences between electron-
and photon-initiated processes, or it may reflect the short-pulse character of the excitation from
the synchrotron radiation source. In any case, however, it is apparent that strongly
non-thermal behavior is a general feature of DIET processes leading to the formation of excited
neutrals.

Although the relative yields of ground-state and excited-state neutrals appear to be within
an order of magnitude of each other in Figure 4, the ground-state data were obtained with the
laser configured for Doppler spectroscopy, and therefore the fluorescence yields may not
reflect the true density of Li relative to Li° in the focal volume of the spectrometer. This
relative yield may provide important clues to the strength of the desorption mechanism.

5. Time Dependence of Electron-Stimulated Desorption

The spectroscopy of excited-state neutrals shows other features which differ sharply from
the results of studies on ground-state neutral desorption. For example, measurements of
excited-state fluorescence yields as a function of distance from the sample surface for ESD of
Na from NaCl have generally been consistent with a kinetic energy of several eV, rather than
the thermal velocities characteristic of the ground-state neutrals [9]. Also, time-resolved
measurements indicates that another difference between ground-state and excited-state neutral
alkali desorption is that the former result from a combination of surface and near-surface-bulk
excitations -- mediated by diffusion of electronic defects from the near-surface bulk -- whereas
the latter appear to be produced at the crystal surface.

Figures 5 and 6 display the results of time-resolved ESD experiments on LiF which
contrast the desorption characteristics of Lio and Li * for the same electron-gun and temperature
parameters. In this case, the temperature of the LiF surface was maintained at 400 C, and the
gun was chopped at a rate of a few kHz. The laser-induced-fluorescence (LIF) yield was
measured for the ground-state Li, and then the laser was turned off to measure the yields of
Li* . In Fig. 5, the LIF yield for Lio is shown as a function of time for a pair of electron gun
pulses. The yield climbs sharply at first, and then shows a gradual saturation as the
contribution from near-surface bulk layers increases. When the electron gun is turned off, the
LIF yield is observed to drop sharply at first, and then fall quite slowly until the next
electron-gun pulse is turned on. In Fig. 6, on the other hand, the Li yield rises on the leading
edge of the incident electron pulse just as Li°, but turns off instantaneously with the trailing
edge of the exciting electron beam. Indeed, a measurement of this trailing edge of the Li
fluorescence pulse with the best time resolution possible with our multichannel analyzer (10 -7
s) showed that the yield decreases from 0.9 to 0.1 of its maximum value within 100 ns. This
means that while the source of Li for excited-state Li is the same as that for the ground-state Li,
the excitation inechcanism yielding Li* must be distinctively different.

The ground-state data are well described by a diffusion model based on realistic electron-
energy deposition profiles [15, 16]9 preliminary indications are that such a model will be
appropriate for describing ground-state PSD of alkalis from alkali halides as well. Similar
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FIGURE 6
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behavior is observed for PSIS of Li° and Li* , but in this case the time delays for emission of
ground-state neutrals are on the order of seconds rather than milliseconds.
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6. A Model for Defect -Induced Resorption

Electronically stimulated desorption of ground-state neutral alkali atoms from alkali halide
crystals exhibits a variety of features consistent with thermal desorption: a nearly Maxwellian
distribution of velocities, a characteristic Arrhenius desorption characteristic as a function of
surface temperature and a yield vs. bombarding energy characteristic which shows relatively
little structure at the known locations of alkali core-hole excitation energies. Differences
between ground-state ESD and PSD yields probably reflect, as much as anything, the fact that
ESD tends to be a one-step process where PSD can have multi-step effects, including the
production of secondary electrons which themselves are capable of effecting ESD. In addition,
the time-resolved measurements indicate that diffusion plays a significant role, especially at
high temperatures [15].

On the other hand, it has been shown that halogens desorbed from alkali halides under
low-energy electron bombardment have suprathermal energies and are emitted preferentially
along the halogen "strings" in the crystal [11]. This suggests that the formation and relaxation
of H-centers is a likely mechanism for the ejection of the halogens from the surface and
near-surface layers of the bulk. This picture is reminiscent of the focussed collision sequence
originally proposed by Pooley [ 17] and Hersch [ 18], and involves the formation of an
H-center (the so-called "crowdion," -- a pair of halogens on a single halogen site) leading to
preferential and energetic ejection of halogens along the <110> directions. Simultaneously, by
leaving behind an electronic defect and an electron free to bind to the now undercoordinated
alkali atoms near the surface (F-center), it provides a mechanism for the generation of neutral
alkalis for thermal desorption.

No such simple picture appears possible for the excited-state alkalis, however. To begin
with, there is the distinctly non-thermal desorption characteristic already discussed. Also,
time-resolved measurements of ESD for excited-state neutrals shows that the yield of these
species drops to background level within 0.1 ms of the turn-off time of the electron gun.
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Moreover, the fact that excited-state neutral yields are typically two to three orders of
magnitude larger than the ion yields indicates that the mechanism must also be relatively simple
compared to the Knotek-Feibelman picture involving inter-atomic Auger processes. Finally,
there is the fact that only the first excited state of alkalis desorbed from alkali halides has ever
been observed for low incident electron energies -- in contrast to the case of hydrogen, for
example, where three or four excited states are routinely observed in ESD and PSD
experiments (see Figure 2).

Thus recent experiments on ESD and PSI? of ground-state neutral alkali desorption in the
alkali halides appear to confirm early inferences pointing to the formation of self-trapped
excitons followed by thermal desorption due to "halogen exhaustion" and defect migration.
This sequence of events is representative of a perfectly general mechanism in which the
formation of an exciton (electron-hole pair) is followed by relaxation to a mobile, permanent
electronic defect whose diffusion leads to selective bond-breaking. Our fascination with the
alkali halides as a particularly tractable model material should not be allowed to obscure the
more important fact that this generic mechanism operates in many other materials, including
many metal oxides, the alkaline earth halides, fused silica and many glasses [ 19].

7. Electronic Transitions and the Atomic Oxygen Problem

Now, after all these preliminaries, the question must be asked, what has all this got to do
with the problem of oxygen-atom-induced erosion the low-earth-orbit environment? The
relevance of electronically induced erosion and glow can be considered under at least three
headings: changes in surface composition induced by electron bombarbment or UV- photon
irradiation in LEO; electronic transitions experienced by the oxygen atom in gas-surface
collisions; and possible synergistic or catalytic effects of oxygen, electrons and solar ultraviolet
radiation.

Given the efficiency of defect-induced desorption processes, it is clear that electronic
mechanisms will play a significant role in the alteration of surface composition and
stoichiometric properties. Spacecraft surfaces in LEO are exposed to significant electron and
LTV photon flux. The fluences is of order 1011-12 electrons (photons)/cm /sec and the spectrum
of both electrons and photons is hard enough to produce ESD and PSI) in dielectric materials.

Systematic ESD/PSD experiments on hydrocarbons, polymers, composites and plastics
have not been carried out, although it is known that H is desorbed efficiently by both electrons
and photons from condensed hydrocarbons [20]. In the case of hydrogen-bearing materials,
if there is a significant differential loss of H2 and/or H, this could change the reactivity of 0(3P)
with the surface, due to the well-known propensity of this atom to replace hydrogen when it is
energetically favorable to do so. Such substitutional events are likely to impact mechanical
integrity and alter the electrical and thermal properties of spacecraft material.

Also, in many materials -- alkaline earth halides, alkali halides and metal oxides, for
example -- the ESD/PSD events trigger the accumulation of metallic overlayers on the surface
which are likely to become oxidized rapidly, again with the likelihood that desirable electrical,
optical or thermal properties will be altered. Composites and glasses, with their many and
various electron traps, are likely to be particularly difficult to understand -- but their
susceptibility as a class to electronically induced radiation damage of this type is well known.

There is at present little or no guidance from either physics or chemistry for predicting
quantitatively how electronic transitions will affect the collisions of 5 eV oxygen atoms with
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surfaces, although initial measurements using a 2.5 keV beam of atomic oxygen show definite
differences between oxygen ions and atoms in measured desorption spectra. Gas-surface
interactions with molecular beam sources of the purity requisite for mechanistic studies are
generally too low in energy to allow for easy projection of low-energy mechanisms to the 8
km/s characteristic of LEO conditions. In addition, given that the heat of formation of many
oxides is on the order of 5 eV, it is quite possible that there are strong threshold effects which
make the extrapolation upward from molecular beam energies problematical. Most sputtering
theories deal solely with metallic materials, where the collision cascade is the dominant
mechanism. However, there is a wealth of evidence showing the importance of electronic
mechanisms in the sputtering of insulators and semiconductors, even at relatively high
energies. If electronic surface-interaction channels are open, even at low energies, it is unlikely
that surface phonon excitations -- prominent though they are in meV noble-gas scattering from
surfaces -- play a significant role. Indeed,. the demonstrated reativity of O on many surfaces
argues against significant coupling to the surface phonon spectrum.

Two phenomena which are likely to contribute to both erosion and glow through
radiation-induced electronic excitations are level-crossing, on the one hand, and coupling to
defect and impurity states in dielectric materials, on the other. Space allows only a brief
consideration of these two situations.

Level crossings, or curve crossings, as they are also known, occur in adiabatic collisions,
and allow two colliding atoms A and S to experience electronic transitions such that one partner
in the collision is left in an excited electronic state. Should atom S (for "substrate") be localized
in a repulsive energy state, it would be ejected from the material and radiate as a free atom (or
molecule) exterior to the material surface -- thus producing erosion and/or glow. In the case of
an incident oxygen atom, the electronic energy can be transferred to an ejected surface
constituent atom, retained by the bombarding atom as it scatters from the surface, or be
absorbed by a molecule (NO, for example) formed in the collision of the oxygen with atoms
already on the surface -- depending on the particular features of the atomic-oxygen-induced
chemistry.

Coupling between electronic states of an incident atom A and those of surface atoms S can
occur because of overlaps between empty states of the atom and filled defect or impurity states
in the surface band structure. The energetics are shown schematically in Figure 7. These
defect or impurity states occupy levels in the middle of the band gap which would exist in the
bulk: the defect states because of the abrupt termination of the bulk material -- in effect,
creating a defect located immediately adjacent to every surface atom -- and the impurity states
because they likewise cannot occupy any of the electron levels in the filled valence bands of the
pure material.

Either of these two types of electronic transitions is capable of producing excited atoms
whose radiative decay appears as a surface glow. Ground-state neutral atoms and molecules
can also arise efficiently from the operation of either mechanism -- and such neutrals can, as in
the Pooley-Hersh model, either be expelled energetically from the material or exist in an
unbound configuration suceptible to thermal desorption. Thus the oxygen collisions with the
surface can, through the operation of purely electronic mechanisms, give rise to surface
erosion. Moreover, synergistic effects, such as those already observed in various LEO
experiments, fit neatly into this picture, since the ambient ultraviolet and electron irradiation can
change both surface composition and stoichiometry in ways which exacerbates the effects of
the atomic oxygen.

71



R. F. Haglund, Jr. ®® Role of Electronic Mechanisms in Surface Erosion and Glow Phenomena

Vacuum Level

CONDUCTION RANI)
EMPTY
LEVELS	 DEFECT AND

IMPURITY
FILLED
	

LEVELS
LEVELS

(FILLED)
VALENCE

LEVELS

COLLIDING
	 SURFACE

ATOM
	 ELECTRONIC

STATES

FIGURE 7

Schematic drawing of energy levels for an atom colliding with a surface.

S. Conclusions

Extensive experiments with electron, photon and heavy particle irradiation of alkali halides
and other simple model materials have produced a large body of evidence showing that:

® Surface erosion, consisting primarily in the ejection or desorption of ground-state neutral
atoms, occurs with large efficiencies for all irradiating species.

Surface glow, resulting from the radiative decay of desorbed atoms, molecules and
clusters in excited electronic states, likewise occurs for all irradiating species.

9 The typical mechanism for ground-state neutral desorption is exciton formation,
followed by relaxation to a permanent, mobile electronic defect which is the precursor to bond-
breaking in the surface or near-surface bulk of the material.

The mechanisms for excited-atom formation may include curve crossing in atomic
collisions, interactions with surface defect or impurity states, or defect diffusion, and are still a
subject of active investigation. The phenomena are not explainable at the present time by any
physical model.

The generic features of desorption induced by electronic transitions are characteristic of
a broad class of dielectric materials, many of which are important to the construction of space
platforms and satellites.

It is only to be expected that further mechanistic studies, particularly those involving the use of
atomic oxygen beams at energies typical of the LEO interaction energy, will turn up further
interesting examples of the influence of electronic transitions on erosion and glow phenomena.
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ABSTRACT

The experimental study of the interaction of atomic oxygen with organic polymer
films under LEO conditions has been hampered by the inability to conduct detailed
experiments in situ. As a result, studies of the mechanism of oxygen atom reactions have
relied on laboratory 0-atom sources that do not fully reproduce the orbital environment.
For example, it is well established that only ground electronic state oxygen atoms are
present at . LEO, yet most ground-based oxygen sources are known to produce singlet
oxygen atoms and molecules and ions in addition to 0( 3 P). Engineers should not rely on
such facilities unless it can be demonstrated either that these different oxygen species are
inert or that they react in the same fashion as ground state atoms.

Ab initio quantum chemical calculations carried out at NASA Ames and elsewhere
have been aimed at elucidating the biradical intermediates formed during the electrophilic
addition of ground and excited-state oxygen atoms to carbon-carbon double bonds in
small olefins and aromatic molecules. These biradicals are critical intermediates in any
possible insertion, addition and elimination reaction mechanisms. Through these calcula-
tions, we will be able to comment on the relative importance of these pathways for 0(3P)
and 0('D)  reactions. The reactions of oxygen atoms with ethylene and benzene will be
used to illustrate the important features of the mechanisms of atomic oxygen reaction
with unsaturated organic compounds and polymeric materials.
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1. INTRODUCTION

The kinetics and mechanisms of the chemical reactions of oxygen atoms with organic
molecules have been the subject of intensive study for more than thirty years. Most
of these investigations have been carried out in the gas phase as the major impetus
for this work has come from the combustion and atmospheric photochemistry research
communities. Cvetanovic and Singleton(1) have recently reviewed this work for the case
of 0-atom olefin reactions. Companion studies have been carried out by Klein and
Scherr(2) in low temperature glasses. These studies have been fraught with difficulties,
as it is not an easy task to generated a clean, controlled and calibrated source of oxygen
atoms. More recently, molecular beam studies of 0( 3 P) reactions with organic species
under single-collision conditions have provided a detailed look at the primary processes in
these complicated reactions(3-6). A comprehensive reaction mechanism must be capable
of describing these single-collision, gas phase and condensed phase experiments.

The chemistry of atomic oxygen is made especially interesting by that species' triplet
ground electronic state and by the existence of a low-lying excited singlet state(7). The
following general conclusions can be drawn from this large body of work(1,5,9): 0(3P)
abstracts hydrogen from saturated organic molecules and adds to carbon-
carbon double bonds resulting in the formation of carbonyl compounds and
+epoxides, while O('D) tends to form alcohols by inserting into O-H bonds.
These initial products undergo secondary reactions which lead to fragmentation of the
reactant molecules. In most cases, the branching ratios for secondary fragmentation prod-
ucts are statistical, meaning they are governed by the relative thermodynamic stabilities
of the energetically permissible products (or by the relative ease of bond rupture)-

Renewed interest in the kinetics and mechanisms of atomic oxygen reactions has been
generated during the early flights of the space shuttle by observations that most organic
polymeric materials undergo noticeable degradation during exposure to the low Earth
orbit (LEO) environment (10,11). The most severe damage was observed on surfaces
facing the direction of motion in orbit. In this orientation, both the flux and the kinetic
energy of the atmospheric species striking the surface are high (;^,- 10 15 cm-2 s-1 and 5-10
eV). Ground state atomic oxygen is the principal constituent of the residual atmosphere
in the 150-250 km altitude range and it seems likely that this species would react readily
with most organic materials. Dedicated flight experiments on shuttle flights STS-5 and
STS-8 have confirmed these early observations (10), indicating that the degradation is
widespread and independent of surface temperature and solar UV/VUV irradiation.

Several laboratory facilities(12) have been constructed in an attempt to simulate
the LEO environment for kinetic and mechanistic studies and for screening materials
proposed for use on the space telescope and space station projects. Unfortunately none
of these facilities is capable of completely achieving the desired conditions: a beam of 5
eV 0( 3 P) atoms of the appropriate flux and without contamination from 0 2 , O r , 0(1D)
or other reactive species.
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As one purpose of this workshop is to assess the current status of laboratory simula-
tion of the LEO environment, it is appropriate to examine the differences in the reaction
mechanisms of 0( 3P) and 0( 1 D) with organic compounds. It should be pointed out
that very little is known about O atom reactions with polymers(13) and there is no cer-
tainty that the same mechanisms apply to the reactions of small molecules and polymers.
However, it is likely that the initial steps in the reaction mechanisms are the same in
both cases. In the present study we consider the reactions of atomic oxygen atoms with
unsaturated organic molecules from a theoretical point of view. We describe a previous
computational study of the addition of oxygen to ethylene(14) and present the results of
new calculations for the reaction of 0( 3 P) + benzene. These systems are chosen because
of the availability of experimental data and because they have features in common with
organic polymers being considered for LEO applications such as KAPTON (a polyimide
film) and structural materials such as PEEK and polysulfone. Some of the questions we
will attempt to answer are: "under LEO conditions will 0( 3P) and O('D) react
differently?", "are the kinetics affected by the 5 eV O atom energy?", and
"how do the degradation rates scale with 0-atom flux?".

II. COMPUTATIONAL DETAILS

In recent years, computational chemistry groups at NASA Ames Research Center
and elsewhere have been able to capitalize on the availability of supercomputers such as
the Cray XMP and have been performing accurate "first principles" calculations of the
spectroscopic, kinetic and thermodynamic properties of small molecules. These data arise
from solutions of the Schrodinger equation which describes the energy and distribution
(wave function) of a collection of electrons in the field created by the motionless nuclei
of the atoms in a molecule(15). By relaxing the locations of the atoms in a series of
calculations, molecular equilibrium geometries and saddle points for chemical reactions
can be determined. Collisional and spectroscopic properties are obtained by subsequent
calculations in which the nuclei are allowed to move, subject to the forces generated by
the gradient of the electronic energies.

The calculations reported herein utilize several "standard" aspects of ab initio quan-
tum chemistry codes(15). The molecular wavefunction is expanded in a basis of Gaussian
functions which represent atomic orbitals and, at the Hartree-Fock or Self-Consistent
Field (SCF) level of calculation, each electron experiences only the average field of the
remaining electrons in the molecule. SCF calculations give only an approximate picture
of the electron density distribution in a molecule. A more accurate description is obtained
by allowing each electron to feel the instantaneous influence of all the other electrons.
Various computational schemes have been developed to include these effects, two exam-
ples of which are the multiconfiguration self-consistent field (MCSCF) and configuration
interaction (CI) methods. These effects are generally of critical importance in the study
of chemical bond breaking and formation. However, experience has shown that SCF
calculations are quite adequate for the determination of geometries for stable molecules
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and reaction intermediates.

In the present study we have used all of the above mentioned methods. The calcu-
lations were carried out using Dunning's double-S atomic orbital basis sets in which 9s
and 5p Gaussian functions are contracted to make 4s and 2p orbitals for each carbon and
oxygen atom and 5s Gaussians are contracted to 3s orbitals for each hydrogen(16). The
molecular geometries were determined by minimizing the norm of the analytic gradient
of the SCF energy using a computer code GRADSCF(17). At these stationary points,
the analytic second derivatives of the energy were evaluated to determine whether the
computed geometries correspond to local minima or to saddle points(18). At the SCF
geometries, a variation of MCSCF calculation known as the Complete Active Space SCF
method (CASSCF) was employed(19). In these calculations, the oxygen 2p electrons and
orbitals and the benzene T electrons and orbitals were included in the "active space"
and the interactions between all possible arrangements of those 10 electrons in the 9 or-
bitals were considered. Finally, contracted CI calculations (20) were performed using the
CASSCF orbitals as reference vectors and including single and double excitations from
a set of reference configurations comprised of all configurations making important con-
tributions to the CASSCF wavefunction at any of the molecular geometries considered.
For O 1 benzene in Cs symmetry 3 A', 3 A", 'A' and 'A " states are possible. The sizes
of the CASSCF and CCI wavefunctions generated for each of these states are given in
Table I.

III. 0( 3 P) + ETHYLENE

The reaction of ground state oxygen atoms with ethylene has been the subject of
extensive experimental (1,3-6,8,21-23) and theoretical(14) study. The gas phase kinetics
studies demonstrated that 0( 3 P) readily adds to the carbon-carbon double bond, re-
sulting in the formation of a transient biradical species which undergoes triplet-singlet
interconversion and rearrangement leading to epoxide and aldehyde products. However,
molecular beam experiments under single-collision conditions found rapid hydrogen atom
elimination follows the biradical formation almost exclusively (4-6,23). The elimination
pathway is favored under these conditions because it does not require a change in electron
,spin. Carbon-carbon bond rupture to form fragmentation products (either formaldehyde
and methylene or, after a 1,2-hydrogen shift, formyl and methyl radicals) is possible,
but does not seem to occur. Similarly, the rearrangement to form triplet acetaldehyde is
not observed, probably because the hydrogen shift involves surmounting a higher energy
barrier than does hydrogen elimination. Figure 1 is a schematic energy diagram (taken
from ref. 8) which describes these processes.

One of the important results of the theoretical study- is that the singlet and triplet
biradicals are nearly degenerate and intersystem crossing should occur readily under mul-
tiple collision conditions (e. g., bulk gas or condensed phase). Once the system has been
converted to the singlet manifold, rearrangement to form ethylene oxide or acetaldehyde
can compete with the still-present elimination channel. The addition products are ex-
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tremely stable compared to the biradical (;z:^ 400 U/mol for acetaldehyde), but collisional
stabilization is required to prevent their unimolecular fragmentation.

The reactions of 0('D)  can proceed by the same biradic al- addition pathway as in
the triplet case, or by direct insertion into the C-H bond to form (C 2 H 3 )OH. The latter
channel generally dominates the kinetics, however, because it involves much stronger
attractive forces between the reactants. The resulting alcohol will undergo fragmentation
unless it is collisionally stablized.

Hydrogen abstraction is also possible in the reaction of atomic oxygen with unsat-
urated compounds, but its occurrence is negligible at room temperature (24). However,
at elevated temperatures, it is expected to become increasingly more important. It is
possible that it can even compete with the insertion process in the 0( 1 D) chemistry(9).

The abstraction and elimination pathways lead to the formation of free radical prod-
ucts that will certainly undergo further bimolecular reaction. The unimolecular fragmen-
tation products will also be highly reactive. All of these fragmentation processes will
tend to produce statistical product distributions, with the weakest bonds being the ones
most frequently broken. The major difference between ultimate abstraction, elimination,
addition and insertion products will most likely be in the amount and nature of the
oxygen content. Hydrocarbons and water would be formed from abstraction, carbonyl
compounds would be formed from elimination and addition, and hydroxyl compounds
from insertion.

IV. 0(3P) + BENZENE

The reactions of 0( 3 P) with benzene and toluene have also been the subject of con-
siderable study(8,25-29). The measured activation energies (8,25,26), 15-20 U/mol, are
intermediate between the values found for addition to olefins and hydrogen abstraction.
For temperatures as high as 950 K(26), no curvature was observed in the Arrhenius plots
of the rate constant data and no hydrogen/deuterium isotope effect was seen. Molec-
ular beam experiments (28,29) have clearly demonstrated that elimination products are
dominant under single-collision conditions at collision energies between 10.5 and 41.0
U/mol. Curiously, however, for the case of 0( 3 P) + toluene, Lee and coworkers(29)
mainly find methyl elimination products (i.e., phenoxy and methyl radicals). It seems
unlikely that a localized biradical adduct should form at that site, exclusively. However,
the methyl-phenyl bond energy is about 38 U/mol less than the H-phenyl bond energy.
Perhaps facile 1,2-oxygen shifts take place until the O-atom migrates around the ring
to the methyl carbon. permitting cleavage of the weaker methyl-phenyl bond to occur.
This 1,2-oxygen shift would involve epoxide-like intermediate structures. As the ab ini-
tio quantum chemical study of the ethylene-oxygen adduct(14) provided insight into the
mechanism of the 0( 3 P) + ethylene reaction, we have undertaken a similar study for O
+ benzene(30).
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The initial calculations for the 0(3 P, 1 D) + benzene system involved determination
of the equilibrium geometries for the reactant (benzene), biradical adducts, the addition
product (epoxide) and insertion product (phenol). SCF gradient calculations were per-
formed for the closed shell benzene, epoxide and phenol molecules, for the triplet and
singlet open-shell biradical adducts and for the triplet epoxide intermediate. The geom-
etry of the lowest energy biradical (3 A') is shown in figure 2. It has one radical electron
in what is mainly a benzene 7r orbital (16a') which is localized on the ortho and pars
carbons. The other unpaired electron (17a') is localized on the O-atom and lies in the
O-C-H plane perpendicular to the C-O bond. The O-C-H bond angle is 103° with the
O and H atoms evenly distributed above and below the benzene ring plane. The carbon
atom involved in the adduct bond is nearly tetrahedral and the C-O and C-C bonds
are rather elongated. The individual CASSCF orbital densities are plotted in figure 3
for some of the triplet biradical ( 3 A`) valence orbitals. It can be readily seen that the
aromaticity is lost and that one of the unpaired biradical electrons occupies a benzene 7r

orbital while the other is localized on the oxygen atom.

The resulting energies from the SCF, CASSCF and CCI calculations are summarized
in Table II. It can be seen that significant differences exist between the experimental en-
ergy estimates and the results of the large (MR)-CCI calculations. The approximation
that only the benzene 7r electrons and the O-atom 2p electrons have been correlated is
more severe for phenol with its O-H bond than for the biradical. Also a larger basis
set would have to be used for more accurate calculations. As was observed for O +
ethylene(14), the singlet-triplet energy splittings in the biradicals are quite small. This
suggests that interconversion would occur fairly rapidly. The SCF calculations for the 3A'
and 3 A" biradicals and the 3 A" epoxide included determination of the harmonic vibra-
tional force fields and normal mode frequencies. Examination of those results indicated
that the structures were all true local minima(18), implying the existence of barriers
to the interconversion of biradicals to epoxides or phenols. The locations and heights
of these barriers have not been determined in the present study. However, the triplet
epoxide is considerably higher in energy than the biradical which makes the possibility
of 1,2-oxygen shifts seem unlikely.

The similarity between the energetics for O-atom reactions with ethylene and ben-
zene (or toluene) indicate that the kinetics should also be similar. One expects elimina-
tion to dominate under sing]e-collision conditions with addition being most important for
bulk gas or condensed phase experiments. At higher energies, hydrogen abstraction would
also be expected to play an increasingly more important role. The difference in products
between O( 3 P) and O('D) chemistry under multiple collision conditions is not readily
apparent, as the primary addition and insertion products would all undergo secondary
fragmentation.

V. IMPLICATIONS FOR POLYMER. REACTIONS

It is tempting to extrapolate the reaction mechanisms described above to the case of
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O + polymer reactions under thermal and high energy conditions. One expects the initial
reaction steps to involve similar abstraction, addition, elimination or insertion processes.
However, a polymer can be thought of as the ultimate condensed phase molecule and
rapid stabilization and internal conversion should be possible. In general, fragmentation
products should be formed based on their thermodynamic stability and the relative weak-
ness of the bonds being broken. For the case of polystyrene, one might expect to observe
a loss of hydrogen atoms (due to abstraction) and phenyl groups (due to elimination and
fragmentation) from the chain backbone. The resulting alkyl radicals would probably
behave similarly to the intermediate formed in the reaction of 0( 3 P) with polyethylene.

If translationally hot oxygen atoms were present, small energy barriers would not
impede reaction and the abstraction process would probably be enhanced compared to
addition or elimination. This change in reaction mechanism means that rate constants
cannot readily be extrapolated from the thermal to 5 eV 0-atom case. Furthermore,
the products for 0('D)  reactions would be similar to those for ground state oxygen at
higher energies (the reactions are less discriminating) even though they are quite different
at lower energies. Also, it is possible that the magnitudes of the rate constants for the
0( 3 P) and 0( 1 D) reactions would be similar at high energies if both processes are limited
mainly by the collision rate.

Two other critical factors depend on the condensed-phase nature of the polymer
films. If the oxygen atoms are accomodated (i. e., thermadized) on the solid surface
before reacting, the 5 eV translational energy will not be an important factor and the
nuances of the thermal reaction mechanisms will be important. Secondly, under the
high vacuum conditions encountered in both LEO and molecular beam experiments,
volatilization of moderate molecular weight oligomers will occur. If the O + polymer
reaction results in a downward shift in the molecular weight distribution of the polymer,
enhanced vaporization will take place which will result in a significant contribution to the
measured weight loss in vacuum, but not at higher pressures. These concerns, which are
beyond the scope of the present theoretical study, need to be addressed if a comprehensive
description of atomic oxygen-polymer reactions is to be developed.
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Table I. Size of the Calculations

Symmetry'	 CASSCF'	 (MR,)-CCI

	

Nconfig.	 Nref.	 Nconfig.

'A' 2688 6 3681771
1 All 2604 12 792,295
3 A' 3756 9 1,143,225
3 A" 3804 13 2,225,971

3 A "d 3800 8 573,296

Geometries restricted to Cs symmetry (O and two Para C atoms lie in the symmetry
plane).

b 9 orbitals (6 a' and 3 a") and 10 electrons included in the active space (includes O
2p shell and benzene 7r orbitals).
Number of reference configurations used in the CCI. For each symmetry and multi-
plicity this includes all CASSCF configurations with coefficients greater than 0.075
for any geometry.

d Epoxide calculations (symmetry plane bisects 2 C-C bonds) based on 5 a' and 4 a"
orbitals in the CASSCF active space.
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Table II. Computed Energies' for C 6 H6 + D ( 3P and 1D)

Symmetry	 SCF'	 CASSCFc	 (MR)-CCI EXPT.d

Asymptote
3 A"	 0	 0	 0	 0
1 All	 215.9	 188.7

Biradical
3 A' 151.0	 41.8 9.6	 (-63.)
3 A 11 54.0 53:6
'A' 156.9	 51.5 22.2
1 All 59.4 57.7

Phenol
'A' (So) -106.3 -228.4 -280.7	 -428.4
3 A' (T 1 ) 303.3 156.1 100.8	 -87.9
1 A' ( S 1 ) 14.2

3 A 11 274.1 196.2
'A ll 266.1 202.5

Epoxide
'A' (So) 138.5

3A" (T 1 ) 306.7 166.1 144.3

Energies in U/mol.
All geometries optimized.
Calculations at SCF-optimized geometries ( 3 A' for biradicals and 1 A' for phenols).

d Based on JANAF Tables and ref. 27.
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Abstract

Dynamics of Atom - Surface

Interactions

Steven J. Sibener

University of Chicago, I1

The intent of this presentation will be to provide an

overview of the many scattering techniques that are currently

being used to examine the dynamics and energetics of gas-surface

energy exchange processes and gas -surface reaction mechanisms.

The talk will in particular highlight recent inelastic scattering

measurements which are revealing the microscopic basis for

collision-induced gas-surface energy exchange, e.g., which

surface vibrational modes actively participate in translational

energy accommodation. Reactive scattering and laser desorption

experiments which examine energy disposal in volatile products

will also be discussed. Finally, if time permits, an efficient

atomic oxygen beam source will be described which is suitable for

terrestrial studies of gas-surface interactions.
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EXPERIMENTAL REMPI STUDIES OF SMALL MOLECULES

J. L. Dehmer, P. M. Dehmer, S. T. Pratt, M. A. O'Halloran, and F. S. Tomkins
Argonne National Laboratory, Argonne, IL 60439

Resonance Enhanced Multiphoton Ionization (REMPI) utilizes tunable dye
lasers to ionize an atom or molecule by first preparing an excited state by
multiphoton absorption and then ionizing that state before it can decay. This
process is highly selective with respect to both the initial and resonant
intermediate states of the target, and it can be extremely sensitive. In
addition, the products of the REMPI process can be detected as needed by
analyzing the resulting electrons, ions, fluorescence, or by additional
REMPI. This points to a number of exciting opportunities for both basic and
applied science. On the applied side, REMPI has great potential as an
ultrasensitive, highly selective detector for trace, reactive, or transient
species. On the basic side, REMPI affords an unprecedented means of exploring
excited state physics and chemistry at the quantum-state-specific level. We
shall give an overview together with examples of current studies of excited
molecular states to illustrate the principles of and prospects for REMPI.

I. INTRODUCTION

Rapid advances in laser and detector technologies are making it possible
to investigate molecular photophysics and photochemistry in powerful new ways.
For example, resonantly enhanced multiphoton ionization (REMPI) measurements,
in which the total (or the mass selected) ion current is monitored as a
function of laser wavelength, have yielded extensive and often novel infor-
mation on the spectroscopy of the resonant intermediate states (1). More
recently, several groups have begun to monitor REMPI by measuring the kinetic
energy distribution of ejected electrons (2,3), thus directly probing the
photoionization dynamics of excited states. These and other experimental
approaches, outlined below, are motivated by the prospect of investigating the
spectroscopy and dynamics of excited molecular states at the quantum-state-
specific level. Moreover, the resulting ability to selectively probe
molecular excitation and decay has direct bearing on a variety of applied
fields, e.g. ultrasensitive detection of unstable, reactive, or trace species,
the characterization of the physics and chemistry of excited states that
mediate the effects of ionizing radiation on matter, isotope separation,
laser-modified chemistry, modeling of plasmas and the physics and chemistry of
the atmosphere in normal and disturbed states.

To illustrate the potential of REMPI, we will outline several different
types of experiments that can be carried out using the two-color REMPI
excitation processes shown schematically in Figure 1. In Figure 1a, two
photons from a "pump" laser with frequency hv 1 are used to excite an
individual rotational (not shown) and vibrational level of an excited elec-
tronic state AB . An independently tunable "probe" laser of frequency hv 2 is

Work supported by the U. S. Department of Energy, Office of Health and Envi-
ronmental Research, under Contract W- 31-109-Eng-38, and by the Office of
Naval Research
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Fig. 1. Schematic potential energy diagram showing two different REMPI
processes in a diatomic molecule.

used to further excite the AB * level t& the manifold of rotational-vibrational
levels of a higher exceed state AB . A third photon of frequency* by
hv2 is used to ionize AB . In this case, one is interested in the AB 	 AB
transition rather than the ionization step, so the continuum is represented
simply by a structureless hatched area. In ^jgure 1b, a similar process is
indicated; however, in this case, the state AB is produced by two photons of
the pump laser, with the probe laser accessing the ionization continuum
directly. Here, one is interested ip the ionization step itself, and so the
accessible ionic states AB+ and (AB+ ) are shown explicitly.

The resonant multicolor excitation schemes represented schematically in
Figure 1 permit us to address many problems in molecular science which were
either very difficult or unimaginable with conventional excitation sources.
These include the following. (a) By varying hv 2 (in Figure la) and detecting
the total (or mass selected) ion current as a function of wavelength, one
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performs optical-optical double Efsonance (OODR) spectroscopy. This generates
spectroscopic information on AB which typically lies in the vacuum ultra-
violet (VUV) with single photon sources, but in the visible or ultraviolet
with multiphoton sources. This produces high resolution spectroscopic infor-
mation without the need of a large vacuum	 spectrograph.	 More
imRortantly,the hv2 transition originates from a single rotational level of
AB , which greatly simplifies the spectrum. 	 Use of OODR techniques also
enables the direct study of states that art * dipole forbidden in single photon
excitation. (b) If the excited state AB is predissociated, e.g., by the
repulsive curve in Figure 1, it is possible to probe in detail the mechanisms
of the dissociation process by analyzing both the internal energy distribution
of the photofragments and the time dependence of their formation. In
addition, photodissociation often is one of the simplest and most convenient
methods of producing open shell atoms, free radicals or transient species for
further spectroscopic study. (c) Measurement of the photoelectron energy
distribution (indicated by the inset in Figure lb) will give the relative
probabilities of producing alternative ionic states and, thus will directly
reflect the photoionization dynamics of individual excited quantum states. It
also will be possible to determine photoelectron branching ratios and angular
distributions at various points within an autoionizing resonance, which will
be an extremely sensitive probe of the interactions between the discrete state
and the various ionization continua. At present, such measurements are being
performed using synchrotron radiation light sources with modest wavelength
resolution (-0.2-0.5 A); however, this wavelength resolution is rarely
sufficient to sample different regions within a single autoionizing
resonance. (d) Since the ionization step in Figure lb is performed with a
visible or UV wavelength, simple rotation of a retardation plate will produce
a photoelectron angular distribution, which accesses further dynamiHl
information and also reflects the orientation of the excited state AB ,
resulting from tPj multiphoton excitation process. 	 (e) Preparation of an
excited state AB , followed by a delayed laser probe can monitor the time
evolution of intramolecular rearrangement and/or decay processes. 	 In
molecules more complicated than that indicated in Figure 1, this procedure can
monitor the time evolution of vibrational energy redistribution. In this
case, picosecond lasers would be required to capture the normally very fast
internal rearrangement. Use of a delayed probe beam can also be used to
characterize collisional effects on a prepared state. (f) Using the high
degree of selectivity, and hence, sensitivity of either excitation mechanism
in Figure 1, it is possible to directly probe free radicals, clusters, ions
and other transient species which are formed as minor components in complex
mixtures. (g) Many possible chemical uses of the general scheme in Figuee 1
can also be readily seen. For instance, by suitable selection of AB in
Figure lb, it is possible to produce AB + or AB+ in particular vibrational and
rotational quantum states in order to study the dependence of subsequent
chemical transformations on varying degrees of internal energy in different
electronic or nuclear modes. Also, by using the selectivity of the excitation
process, it is possible to monitor the reactants and products of elementary
chemical reactions at the quantum-state-specific level.

This list of possibilities is not exhaustive, but is is ample to show the
great scientific potential of REMPI. In what follows, we will present
selected examples of REMPI studies in somewhat more detail.
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II. PHOTOIONIZATION DYNAMICS OF EXCITED MOLECULAR STATES

A major area of investigation using REMPI-PES is the study of branching
ratios following photoionization of excited molecular states. This is a
virtually unexplored area, since conventional single photon PES studies have
been almost completely limited to ground state ionization. Because of its
importance as a theoretically tractable molecule, H 2 has received considerable
attention during the past few years, and REMPI-PES studies have been reported
for Fxc i tation via the B 1 Eu ( 4 , 5) , B' 1 Eu (6),  C 1 1Iu (7-9),  D i llu (6),  and
E,F E+ (10,11) resonant intermediate states. As an example, Figure 2 shows
the R PI-PES obtained along the laser polarization axis ^8 = 00 ) at the
wavelengths of the resonant three-photon C s itu , v' = 0-4 <- X E+ v" = 0 1 Q(1)
transitions (7); angular distributions were determined for A l more intense
peaks (8). The most striking aspect of the photoelectron spectra is the
dominance of the photoelectron peak corresponding to the v + (X 2 E+ ) = v'(C i n )
transitions. In addition, the weaker peaks with the greatest 9intensity are
those adjacent to the v+ = v' peak. This agrees with expectations based on
Franck-Condon factor calculations; however, while the qualitative agreement
was found to be very good, the quantitative agreement was poor (7). For
example, in the spectrum excited via C 1 11, v' = 4, the v+ = 3, 5, and 6 peaks
are too large by factors of 3, 2, and 2T, respectively, and the intensity of
the v+ = 4 peak accounts for only 43% of the total, rather than the predicted
90%. The most probable reasons for this behavior are the energy and the
internuclear distance dependence of the electronic transition moment or the
presence of autoionizing states (including doubly excited autoionizing states)
in the ionization continuum.

The detail of these and other experimental results on H2 and other
diatomic molecules such as NO (12,13) permits a direct comparison with theory,
which allows an assessment of the accuracy of various theoretical models.
However, a theoretical analysis of molecular REMPI processes is complicated
for two reasons -- (1) the inherent nonlinearity of multiphoton absorption
introduces dynamical effects such as saturation, a.c. Stark shifts, alignment
of excited states, and the sensitivity of the REMPI probability to the spatial
and temporal characteristics of the laser, and (2) the molecular aspects of
the problem introduce complications, particularly the multicenter nature of
the molecular field and the interaction among the rotational, vibrational, and
electronic states. Recently, Dixit et al. (14-20) have begun a theoretical
program to analyze REMPI processes in diatomic molecules. Their approach is
to calculate the molecular parameters (transition moments, photoionization
cross sections, and scattering phase shifts) at an ab initio level and then to
carry out the REMPI dynamics. Their calculation (14) of the branching ratios
and angular distributions for the (3+1) REMPI of the C i n  state of H2 were in
good agreement with the experimental results for the lower vibrational levels,
although significant differences were observed for the higher vibrational
levels.

Thus, the field of excited state photoionization dynamics is at an early
and most interesting stage of development, the first detailed experiments and
calculations having been performed very recently. The continuation and
expansion of such studies promises to provide a much clearer understanding of
REMPI processes.
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III. REMPI STUDIES OF OPEN SHELL ATOMS

As mentioned in the Introduction, REMPI provides a powerful means for
preparing and studying open-shell atoms, free radicals, and transient species
via photodissociation. For illustration, we will briefly discuss some recent
work on atomic iodine, although several other atoms (e.g., 0, C, S) have
already been studied and the technique is thought to be quite broadly
applicable. During the past few years, considerable progress has been made in
the experimental study of photoionization of halogen atoms (21-25); however,
the best resolution attained to date in such experiments (- 20 cm -1 ) is not
sufficient to resolve all of the features of interest® For example, the
spectrum of atomic iodine between 1120 A and 1090 A contains Rydberg series
converging to two ionization limits within this region as well as members of a
third Rydberg series converging to a limit at higher energy. Therefore, it is
extremely difficult, if not impossible, to sort out the complex structure
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(21).	 For this reason, we investigated the possibility of using laser
techniques for the study of this problem. We used two color multiphoton
ionization mass spectrometry to determine the spectra of the optically allowed
autoionizing states of atomic iodine. In these experiments, the first laser
is used to produce atomic iodine by the photodissTciation of methyl iodide and
to pump the iodine atoms to a low lying ...5p 6p state via a two photon
transition. 4 A second laser is used to probe single photon transitions from
these . . .5p 6p states to autoionizing ...5p ns and nd Rydberg states
converging to the 1 D2 ionization limit. Because a total of three photons is
used, this process accesses states of the same parity as those accessed by
single photon excitation. However, the resolution in the present experiments
is limited only by the linewidth of the laser (- 0.05 - 0.3 cm-1 ). Thus, it
is possible to study the photoionization spectrum of atomic iodine and other
open shell atoms with unprecedented detail.

The choice of the resonant intermediate state will determine the manifold
of autoionizing states that may be observed. Two primary considerations are
useful in deciding which resonant intermediate state should be used. First,
transitions that preserve the ion core of the resonant intermediate state are,
in general, stronger than those that require a change in the ion core. For
example, the transitions ( 1 D2 )6p	 ( D2 )ns, nd are expected to be stronger
than the transitions (3p 1 )6p	 ( D2 )ns, nd. Second, by specifying the values
of K and J for the resonant intermediate state, it is possible to limit the
range of values of K and J of the autoionizing Rydberg states owing to the
angular momentum selection rules.

Spectra were obtained by pumping the two photon transition from the 2P 1 2
state 1 to the ( D2)6p[315/2 and( D26p[11 1,2 states )nd probing transitions ^o
the ( D2 )ns and nd Rydberg series converging to the D 2 ionization limit. The
former spectrum displays three sharp series that can be resolved to high
principal quantum numbers (n - 35), while the latter spectrum displays a
single sharp series and a single broad series. The symmetry of several of
these series was deduced from angular momentum coupling rules. Several recent
REMPI-PES studies have shown that ionization into a structureless continuum
via an unperturbed Rydberg state usually proceeds by the ejection of the
Rydberg electron without a change in the electronic or vibrational state of
the ion core (3).  Thus, in many instances REMPI can be used as a source of
state-selected ions. However, the results can be quite different if the
resonant intermediate level is perturbed, because the character of the
unperturbed level will then be mixed with that of the perturbing level. If
the two interacting levels have different ion cores, the perturbation is
revealed in the photoelectron branching ratios following REMPI. In this work,
REMPI-PES was used to study a perturbation in the odd parity Rydberg series of
atomic iodine and to determine the feasibility of producing state-selected I+
ions using REMPI. It was shown that, while state selected ions can be
produced in some cases, the state selecting capability of REMPI is
dramatically reduced for perturbed levels. For example, the photoelectron
spectra obtained vi^ the ( P 2 )nf[31 5/2 levels show the effect of a
perturbation by the ( PO) 4f [315/2 level.

As a consequence of the small ionization cross sections of the Rydberg
levels in these experiments, two processes were observed that compete with
REMPI. The first involves fluorescence of the resonant intermediate level to
a lower lying level, which is then ionized with greater efficiency, and the
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atomic ionization is more than 100 times as intense as the molecular
ionization in the HeI-PES, but that no atomic ionization is observed
in the REMPI-PES, because the energy of the Xe2 resonant intermediate
state does not correspond to an energy level of atomic Xe.

Mond involves energy transfer (either collisional or radiative) between
I 1? 1 2 atoms and the Rydberg atoms. Although these two processes would be
indistinguishable from direct REMPI using mass spectrometric techniques alone,
the use of REMPI-PES allows the separation of the contributions of these
different mechanisms and provides a more complete understanding of the overall
process.
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IV. REMPI STUDIES OF MINOR COMPONENTS

It is also possible to use REMPI-PES to determine the ionic energy levels
of species that are present in small concentrations in the presence of a
species with an interfering PES. In this case, REMPI is used to selectively
ionize the species of interest, while leaving the interfering species
unexcited. For example, the photoelectron spectra of the homonuclear rare gas
dimers Art , Kr , and Xe2 were determined several years ago using conventional
HeI PES (26,27). However, since the rare gas dimer is present in
concentrations of only a few percent in the supersonic molecular beam, the
single photon PES of the rare gas dimers were dominated by photoelectrons from
photoionization of the free atom. In the case of Xe2 , the atomic
photoelectron peaks were found to obscure half of expected photoelectron
bands; however, the spectra obtained using REMPI-PES are completely free of
these atomic photoelectron peaks. Figure 3 shows an example of a HeI-PES and
a REMPI-PES of Xe2 in the region of the Xe+ 

2P3/2 
ionization threshold. This

region of the photoelLectron spectrum ontains transitions to four molecular
states -- the Xe2+ A E+ B 211 //2g B ^n	 and C 211 /2u ionic states. The
data of Figure 3 show tKat in he HeI-PES o ly two of he molecular bands are
clearly observed. In the REMPI-PES, however, 'all four molecular bands are
seen, and there is no evidence of atomic photoelectron peaks. These data can
be analyzed to determine detailed information on the potential energy curves
of the ionic states.

In the above example, the minor component (Xe 2 ) in the sample was
produced in a supersonic expansion; however, trace species or , free radicals
can also be produced by the pulsed laser and the REMPI-PES determined in the
same laser pulse. Frequently, this is one of the best methods for producing
and studying radicals or reactive species.
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ABSTRACT

An atomic oxygen exposure facility has been developed for studies of mate-
rial degradation. The goal of these studies is to provide design criteria and
information for the manufacture of long life (20 to 30 years) construction mate-
rials for use in low earth orbit. The studies that are being undertaken using
the facility will provide (1) absolute reaction cross sections for use in engi-
neering design problems, (2) formulations of reaction mechanisms for use in se-
lection of suitable existing materials and design of new more resistant ones,
and (3) calibration of flight hardware (mass spectrometers, etc.) in order to
directly relate experiments performed in low earth orbit to ground based investi-
gations.

The facility consists of (1) a cw laser sustained discharge source of
0-atoms having a variable energy upto 5 eV and an intensity of between 1015 -
10 17 0-atoms s- 1 cm- 2 , (2) an atomic beam formation and diagnostics system con-
sisting of various stages of differential pumping, a mass spectrometer detector
and a time-of-flight analyzer, (3) a spinning rotor viscometer for absolute
0-atom flux measurements, and (4) provision for using the system for calibration
of actual flight instruments. Surface analysis equipment (Auger, LEER, XPS,
etc.) is available for the characterization of material surfaces before and
after exposure to O-atoms.

INTRODUCTION

The reactivities of spacecraft surfaces with the LEO environment which are
used to predict surface recession for Space Station materials have been derived
by exposing these materials during Shuttle flights of limited duration and low
atomic oxygen fluence. These in-flight investigations are important, but the
Shuttle is limited in its usefulness in evaluating coating life. For example,
even during conditions of maximum solar activity, a 7-day mission at an altitude
of 222 km would result in an atomic oxygen fluence of only 1.3 x 10 21 atom/cm2,
assuming maximum (normal incidence) exposure. Yet fluences for long-duration
missions, such as Space Station, will be in the range of 10 22 - 1023 atom/cm2.
Therefore, ground based studies must be conducted to determine the validity of
extrapolation to high fluence conditions using reactivities derived from low
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fluence exposures. The facility described here will be used to study: material
interaction rates as a function of time, the interaction mechanisms leading to
surface recession, the full life (10 22 -1023 atom/cm2 ) effects of atomic oxygen
on exposed surfaces and protective coatings, and scattering angular distribu-
tions and 0-atom energy loss both of which will be important parameters in com-
puter modeling of Space Station interaction with the LEO environment. The
facility is designed to produce a beam of neutral atomic oxygen at energy levels
typical of orbital conditions (5 eV). In addition, it is designed to be capable
of producing fluxes in the range of 10 16 -10 17 atom/s-cm2 , in order to study
reactivities at typical Space Station fluences within reasonable periods of time.
Assuming an incident flux as high as 5 x 10 16 atom/s-cm2 , materials must be
exposed for approximately 50 hours to obtain fluence levels typical of Space
Station solar inertial surfaces.

The simulation of the LEO environment has focused on the development of
intense sources of 0-atoms in the energy range of 2 to 10 eV. The limitations
of many of these sources can be traced to reactions of the species with the
production apparatus and the characteristics of the production methods. For
example the source developed by Knuth l has been used for the production of
atomic oxygen2 but due to reactions with the electrodes, the oxygen is admitted
downstream of the discharge region resulting in a maximum kinetic energy of
about 1 eV and an intensity of 3 x 10 17 s- 1 sr- 1 . Radio frequency discharges3a4
have been used to produce oxygen atoms with kinetic energies of 0.1 to 1.0 eV
and intensities of 10 17 - 18 s- 1 sr- 1 . The production of high mass kinetic energy
species is accomplished by seeding and heating in helium s expansions but low mass
species (<20 amu) are limited to roughly 1 to 2 eV in kinetic energy using this
technique. Charge exchange methods excel at energies >100 eV but suffer from
space charge limitations 6 below 10 eV producing beam intensities orders-of-
magnitude less than the previously mentioned techniques. Due to the low duty
cycle of pulsed beams, techniques using pulsed laser breakdown require peak inten-
sities of 103 to 104 that of cw beams in order to effectively equal cw time
averaged intensities. These very high peak intensities can produce gas phase
multiple collisions effects in gas-surface experiments which are not. occurring
at space station altitudes.

LASER SUSTAINED PLASMAS

In the early 1970's, it was hypothesized , ' $ and then demonstrated that a
free-standing continuous discharge could be produced by focusing the output of a
sufficiently powerful cw-0O2 laser in inert9 and molecular 10 gases at one atmos-
phere or above. The discharge resides near the focus of the laser and operates
above the plasma frequency at 30 THz where the electric fields interact with
individual electrons and ions to heat the plasma via free-free transitions
(inverse Bremsstrahlung). 11 The laser power maintenance threshold depends upon
the type of gas, the total pressure, whether the laser beam is horizontal or
vertical (convection sweeps the hot gas out of the laser focal volume), the
focusability or coherence of the laser beam, and the optical quality of the lens
system. For example our work uses a 1-in. focal length ZnSe miniscus AR coated
lens operated in the horizontal position with a transverse flow 1.5 kW CO 2 laser.
The gases xenon, argon, and neon require 50, 300, and 1300 W, respectively for
maintenance of the discharge. Because the focused power of the cw laser is in
the range 106 to 10 7 W cm- 2 , several orders of magnitude smaller than typical
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breakdown thresholds, a high energy external spark is needed to initiate the dis-
charge. This can be provided by a conventional spark 12 or as in this work a
pulsed CO 2 laser. The primary advantages of the laser sustained discharge in
creating energetic atomic beams are the high temperatures produced by the high
power densities (10 4 W-cm- 3), the ability to sustain the discharge independent
of nozzle material, and low total input power. Preliminary results using xenon
have been reported in ref. 12.

SOURCE CONSTRUCTION AND OPERATION

A cross-sectional view of the source is shown in figure 1 and consists of
two portions, the lens holder and nozzle holder. The 1-in.-diam ZnSe AR coated
miniscus lens is clamped to the end of a water-cooled copper tube. Indium gas-
kets are used to cushion and seal the lens as well as to provide maximum heat
transfer to the copper. A threaded copper clamping ring is tightened onto the
lens while heating the lens, holder, and indium to 50 to 70 DC. This procedure
provides excellent sealing of the lens onto the indium. The nozzle holder is
made entirely of copper with all joints being welded rather than brazed. The
nozzle body is made from a 3.2-mm platinum rod 3.2-mm long drilled to within
0.76 mm of one end to a diameter of 2.39 mm. The nozzle body is brazed into the
end of the nozzle holder and the 0.2-mm- diam nozzle is then electron discharged
machined through the 0.76-mm wall. A 3-mm-thick copper wall separates the plati-
num nozzle from the water cooling jacket. A double viton 0-ring is used to seal
the lens and nozzle holders and to locate the lens concentric with the nozzle.

Figure 2 shows the source mounted in the molecular beam scattering appar-
atus and aligned with both the plasma sustaining cw (maximum power 1.8 kW) and
plasma initiating pulsed (0.5 J) CO 2 lasers. The output of the cw laser trav-
erses the length of a 3.2-m laser table and is reflected back and turned 45° to
enter the source assembly. Both copper turning mirrors (M1 and M2) are water
cooled. The pulsed laser beam is placed nearly coaxial to the cw beam using the
set of copper coated glass mirrors (M3, M4, and M5). Initial alignment of the

HOLDER
TEMPERATUREGAS	 S 	 LENS

GAS BEAM	 ^ .	 ^	 10. 6 m 1.5` k W
/	 Po	 ^ CO, LASER BEAM

/	
n^	 L ----------------- `=`.a ----------

P1 	 TEA 1 J PULSED
PLATINUM	 O-RING CO 2 LASER BEAM
NOZZLE	 SEAL

WATER COOLING
GAS LINE

L=ZnSe LENS
(25.4 mm diameter/I1)

,1
i!j LASER SUSTAINED DISCHARGE

Pe > 1000 tort
Pt < I tort

Fig. 1. Laser sustained discharge atomic beam source: . discharge is ini-
tiated using a pulsed (0.5 J) TEA CO 2 laser and sustained with a
1.5-kW CO2 laser.
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Fig. 2.	 Alignment of pulsed and cw CO2 lasers with nozzle. The 5-cm-
diam water cooled mirrors M1 and M2 are used to align both the pulsed
and cw lasers with the nozzle. Mirrors M3, M4, and M5 are used to align
the pulsed laser with the cw laser. Mirror M6 employs a kinematic mag-
netic mount to place the HeNe laser beam coaxial to the cw laser beam.
When operating the cw laser the mirror M6 is removed. The photocell
detects the plasma light emitted from the nozzle assembly and
interrupts the cw laser operation if the plasma is extinguished.

cw, pulsed, and HeNe laser beams is accomplished by burning a pinhole in a
0.1-mm-thick nickel foil using the cw laser and then adjusting the pulsed laser
turning mirrors to place it through the same hole. The cw CO 2 laser is then
turned off, the mirror M6 placed in the path of the cw beam, and the HeNe laser
is aligned to pass through the pinhole.

Final alignment of the cw laser beam with the nozzle is accomplished
through operation of the source with argon and optimizing the time-of-flight dis-
tributions for maximum velocity by moving the discharge radially using the final
turning mirrors M1 and M2 and axially by movement of the ZnSe lens. After
initiating and aligning the discharge using argon, other gases are mixed with
the argon to obtain radical species with velocities <5 km/s. If velocities
greater than 5 km/s are desired, the argon is replaced with neon yielding
velocities <10 km/s.

BEAM CHARACTERIZATION

Beam characteristics are depicted in the TOF distributions of figures 3, 4,
and 5. The time-of-flight (TOF) analyzer used for these studies consisted of a
12.5-cm-diam disk rotated at 310 Hz with 8 equally spaced 1-mm slots located on
its circumference. The TOF analyzer is calibrated using low pressure (200 torr)
room temperature expansions of neon, argon, and krypton gases. The ion energy
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in the quadrupole mass spectrometer detector 12 was found to be 10 eV (25-cm path
length) and the neutral flight path length was 19.5 cm. The entrance to the de-
tector was a round 0.152-mm-diam hole. Slots (0.2-mm wide) below each 1-mm slot
are used to obtain timing signals from a light bulb and photocell detector. This
timing signal was used to control a 256 channel multichannel scaler having a 2-its
dwell time/channel which was used to record the time-of-flight (TOF) spectra.
The TOF spectra shown have not been corrected for ion flight times, timing mark
offset (12 ps), or instrumental broadening. The reported velocities were obtained
by correcting for ion flight times and timing mark offsets but not instrumental
broadening.

The calculation of molecular dissociation follows that of Lee,3

R = RO/R0
2

= (XD/x0 )/n (x0 /x0 )( IO n I0 )/Io
z	 2	 2	 2

% dissociation = R/(R+2)	 (2)

where 10and 
1  

are the experimentally observed number density signals at

mass 16 and 32 withthe discharge on, n is the ratio of number densities of mass

	

16 and 32 with the discharge off, x,,	

i

is the dissociative ionization cross sec-Ir
tion of 0 to form 0 , x = 0.88 A , and x are the ionization cross sections
which we have taken to be, 

0
x0 = 1.52 A, and x0 = 1.15 A2

2

Figure 3 shows argon TOF distributions with the discharge off and on. The
velocities with the discharge on were calculated to be 4.2 km/s for argon and
6.9 km/s for neon with the discharge slightly backed away from the nozzle. Our

(1)
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31^ to
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6
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6.94 km/s
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Fig. 3.	 Argon and neon time--of-flight distributions. Flight times have
not been corrected for timing mark offset or detector ion flight
times.
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previous work 12 with xenon predicted that the argon and neon velocities would be
3.6 km/s and 6 km/s, respectively, indicating that a crude estimate of other gas
velocities (Vm) can be obtained using the formula12

V  = VAr(40/m)1/2 (Tm/TAd 1/2	 (3)

where m is the mass of the carrier gas, the subscript Ar refers to argon, and Tm
is the plasma spectroscopic temperature of the carrier gas.lo

Figures 4 and 5 show TOF spectra for mass 16 and 32 with oxygen mixtures of
40% and 49°x, respectively. Essentially 100°, dissociation of 0 2 into 0-atoms was
observed with the 40% oxygen argon mixture while a 49% mixture produces 98% dis-
sociation indicating that increasing amounts of oxygen may produce recombination
within the nozzle.
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TOF Distribution of mass 16 and 32 using 40% 0 2 , 60% argon mix-
ture.
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Fig. 5.	 TOF distribution of mass 16 and 32 using 49% 0 2 , 51% argon mix-
ture.
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The extent of dissociation is highly dependent upon the placement of the
discharge within the nozzle; small changes in the radial or axial position can
easily produce ratios of 0-atoms to 02 of 50°,x. Figure 6 shows the effect that a
0.5-mm axial change in the discharge placement in the nozzle has on the gas
velocity distribution. As the discharge is moved farther into the nozzle the
velocity distribution becomes broader and peaked at higher velocities. The
plasma acts as a plug when placed in the nozzle and the initial density (1020
cm- 3 ) drops by a factor of roughly 100 to values of 10 18 to 10 17 cm-3 due to the
high temperature of the plasma. At the higher plasma temperature a decrease in
the total collision cross section would also be expected. 13 This creates a con-
dition in which the nozzle is operating at a Knudsen number close to unity or in
the transition region between hydrodynamic and free molecular flow thus causing
a broadening of the velocity distribution. The higher peak velocities are
observed because cooler boundary layers in front of the discharge are reduced in
intensity.

0	 2	 4	 6	 s	 10	 12	 14

VELOCITY Nm/s)

Fig. 6.	 TOF distributions of mass 16 using a 30% 02, 70% argon mixture.
Distribution A was taken with the plasma at the entrance to the nozzle
while distribution B was taken with the plasma moved 0.5 mm farther
into the nozzle.

Figure 7 shows the relationship between beam brightness, (number of
particles/ s-steradian) q flux density (number of particles/s-cm ) and distance
from the source (L cm) . Measurements perfoywed on the laser sustained source
show it to be capable of a brightness of 10 /s-sr with a 0-atom flux 10% that
of the argon carrier (reverse seoding) 2 At a 15-cm distance from the source we
calculate a flux density of —10 /s-cm Upon operation with neon or helium
carrier gas we expect a factor of 5-10 increase in flux. When performing sur-
face recession experiments a shorter source to sample may be used to increase
flux density.

0-ATOM EXPOSURE FACILITY

Figure 8 shows a diagram of the 0-atom beam exposure facility. The beam
source is pumped by a 2000 1/s diffusion pump while the two downstream differ-
ential pumping chambers are pumped with 500 1/s turbomolecular pumps. The scat-
tering chamber is equipped with a 1500 1/s turbomolecular pump. A water cooled
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Fig. 7.	 Plot of flux density (#/s-cm2) vs distance (L) from source for
various brightness (#/s-steradian)

copper skimmer is used to extract the 0-atoms from the expansion and to isolate
the nozzle chamber from the first differential pumping stage. 	 A remotely
operated straight-through valve on the nozzle chamber allows that chamber to be
vented for nozzle replacement without venting the remaining apparatus.
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Fig. 8.	 Los Alamos molecular beam dynamics apparatus: shows the central por-
tion of the instrument including the molecular beam source, and movable
detector. The detector is an electron bombardment ionizer-quadrupole
mass spectrometer suspended from the rotatable lid of the main vacuum
chamber and is used for the measurement of angular distributions. Also
shown is a time-of-flight chopping wheel that provides 50% transmission
efficiency using cross correlation techniques. Pumping of the system
is accomplished by a 1500 1/s turbo on the scattering chamber, a 500
1/s turbo on the differential pumping chambers, a 2000 Q/s diffusion
pump on the nozzle source and ion pumps on the detector.
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A rotatable quadrupole mass spectrometer detector employing a Brink 14 type
ionizer is shown along with the time-of-flight chopper. The three-stage, differ-
entially pumped detector has an angular resolution of 1 0 and a detection sensi-
tivity of 10- 4 , i.e., one ion is produced for every 10,000 neutrals entering the
ionizer.

Figure 9 shows a representative scattering chamber background taken with a
residual gas analyzer and with the liquid nitrogen scattering chamber cryoshroud
at 100°K. The chamber total pressure was 3x10-8 torn. The mass spectrum indi-
cat71 a small air leak and hydrocarbon background pressures in the range of
10®	torr.
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Fig. 9. Background (3 x 10- 8 torr) mass spectra taken with Inficon residual
gas analyzer. Liquid nitrogen shroud has been cooled to 100 K. Note
small air leak is present.

GAS-SURFACE SCATTERING

Initial results of gas scattering from an uncharacterized nickel surface
are presented in figures 10 and 11. The molecular beam apparatus described in
ref. 12 was used along with a pseudorandom sequence TOF chopper. The TOF detec-
tor is operated at 400 Hz with the multichannel scaler operating with a
dwell time/channel of 10 Ns. Angular distributions were obtained by modulating
the direct beam at 400 Hz with a tuning fork chopper while data was accumulated
with a phase locked pulse counter. The TOF chopper was kept in operation during
angular distribution measurements. Counting times of 2 min/ angle were used for
angular distributions and 5 min/angle for TOF acquisition. These initial experi-
ments focused on large incident angle (70°) scattering because of the ease of
observing both the direct and scattered beams. The discharge source was oper-
ated with a 50% mixture of oxygen and argon with the axial position of the dis-
charge slightly back of the nozzle (velocity was not optimized). Figure 10 shows
strong specular scattering of atomic oxygen over the angular range accessible to
the detector indicating predominantly direct scattering with surface residence
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Fig. 10. Angular distribution of 0-atoms scattered from uncharacterized
nickel crystal. Error bars on data points are the size of the plot-
ting symbol; Surface temperature was 300 K.

times on the order of the collision time. Figure 11 shows TOF spectra taken at
the specular angle 70 0 and at 80 0 from the surface normal for both atomic and
molecular oxygen. The data of figure 11 when converted to translational energy
indicates that approximately 1/2 the initial beam energy was lost to the solid.
The surface was not characterized but most likely consisted of nickel oxide with
overlayers of 0 2 . Further experiments are in progress to obtain angular distri-
butions near the surface normal to determine the extent of energy accommodation
and to fully characterize the surface.

Figure 12 shows preliminary results on reaction product identity produced
by interaction of oxygen atoms with kapton held at a temperature of 120°C. The
argon (mass 40), 02 (mass 32) and 0-atom (mass 16) were present in the beam
while masses 18, 3W, and 44 were produced by oxygen interactions with the kapton
surface. Preliminary measurement of the velocity distribution shows both the
nonreactive scattering and reactive products to be equilibrated with the surface
temperature (low velocity and broad distributions). The angular scattering dis-
tributions have not been accurately measured but mass 18 product intensity at
two angles 20° either side of the specular angle indicate a very broad distribu-
tion. These results are in sharp contrast to those obtained from scattering
from a metal surface where sharp specular scattering is observed along with
modest energy accommodation.

CONCLUSION

An 0-atom exposure facility has been described which consists of (1) a cw
laser sustained discharge source of 0-atoms having a variable energy up to 5 eV
and an intensity of between 10 15-10 17 0-atoms s - 1 cm- 2 , (2) an atomic beam form-
ation and diagnostics system consisting of various stages of differential
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Fig. 11. TOF distributions at 70 and 80° from surface normal. The mass 16
distribution when converted to energy indicates roughly 50% of the
energy was transferred to the solid.
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Fig. 12. Reaction products produced by reaction of O ®atoms with kapton held
at 120°C. Masses 16, 32, and 40 are in the direct beam while masses
18, 30, and 44 are reaction products. Species with mass >44 were not
detected at a sensitivity level 100 times that for mass 18.
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pumping, mass spectrometer detector and time-of-flight analyzer, (3) a spinning
rotor viscometer for absolute O-atom flux measurements, and (4) provision for
using the system for calibration of flight instruments.

A new beam source has been described that uses a laser sustained plasma tech-
nique for producing high intensity (>10 18 s- 1 sr- 1 ) and high translational energy
(>2 eV) beams. Data indicates that beam temperatures near the plasma spectroscopic
temperature can be obtained and that data from one gas can be used to predict
results from others. Atomic oxygen beam energies of 2.5 to 3 eV have been pro-
duced with intensities of —4 x 10 18 s- 1 sr- 1 . Measurements have been taken that
show the instrument capable of measuring the extent of energy equilibration
produced by high velocity collisions with engineering type surfaces, nonreactive
and reactive scattering angular distributions of 0-atoms and reaction product
identity. These types of information will provide the data base for computer
modeling of Space Station interactions with LEO environment.
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A Sputtering Derived Atomic Oxygen Source for

Studying Fast Atom Reactions

Richard A. Ferrieri, Yung Y. Chu and Alfred P. Wolf
Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

ABSTRACT

A novel technique for generation of fast atomic oxygen has been
developed. These atoms are created by ion beam sputtering from metal oxide
surfaces. Mass resolved ion beams at energies up to 60 KeV are produced
for this purpose using a 150 cm Isotope Separator. Studies have shown that
particles sputtered with 40 KeV Ar+ on Ta205 were dominantly neutral and
exclusively atomic. The atomic oxygen also resided exclusively in its 3p
ground-state The translational energy distribution for these atoms peaked
at ca 7 eV (the metal-oxygen bond energy). Additional measurements on V205
yielded a bimodal distribution with the lower energy peak at ca 5 eV
coinciding reasonably well with the metal-oxygen bond energy. The 7 eV
source was used to investigate fast oxygen atom reactions with the 2-butene
stereoisomers. Relative excitation functions for H-abstraction and r-bond
reaction were measured with trans-2-butene. The abstraction channel,
although of minor relative importance at thermal energy, becomes comparable
to the addition channel at 0.9 eV and dominates the high-energy regime.
Structural effects on the specific channels were also found to be
important at high energy.

INTRODUCTION

In recent years the Space Shuttle program has enabled scientists to
make observations and gather data on the effects of the earth's environment
on materials exposed at low orbit attitudes and at orbiting velocities of
8 x 10 5 cm/s. Such tests have shown materials to undergo extensive
degradation which result in surface modification and even mass loss (1-4).
Since the earth's atmosphere is dominantly comprised of atomic oxygen at
these altitudes, it was thought that the most probable cause for these
effects was due to chemistry initiated by the high velocity impact with
these atoms. This prompted a recent surge of effort aimed at developing
atomic oxygen sources for the purpose of investigating these energetic
phenomena under controlled laboratory conditions. Studies of this nature
are undoubtedly crucial to the development of new materials that would be
more impervious to these effects not only from the standpoint of satisfying
immediate interests in obtaining more suitable protective materials for the
Shuttle's ram direction surfaces, but also from the standpoint that such
long term degradatioe effects could have a severe impact on the longevity
and performance of any future orbiting stations (5).

The present report describes a source of fast atomic oxygen that is
derived from ion beam sputtering. This report also describes an applica-
tion of this source to the investigation of high energy atomic oxygen
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chemistry in the gas-phase. It is felt that investigations of this kind
provide a sounder foundation through which the chemistry occurring on
surfaces can be better understood.

EXPERIMENTAL APPARATUS

The complete system for 0-atom generation and reaction is shown
schematically in Figure 1. The system utilized a 150 cm isotope separator
for the purpose of generating and mass resolving kilovolt ion beams. Ions
were generated within a dual plasmatron source then extracted through a
4.45 mm diameter aperture. The source housing along with the aperture
plate were electrically floated at the desired acceleration voltage.
Acceleration voltages between 5 and 60 KeV were possible. Positive ions
were accelerated toward an extraction lens that was biased with x-200 v and
focused slightly. A strong vertical focussing was also provided by an
Einzel lens system while the other two plates were at ground potential.
The beam was then subjected to a uniform magnetic field applied by a 900,
150 cm'magnet for momentum analysis® The system has the resolving power of
400. For the majority of the test studies described in this report, a 40
KeV argon ion beam was employed at intensities ranging between 15 and 25 pA
after mass resolution and focussing.

The sputtering chamber comprised of a set of focussing lenses, differ-
entially pumped aperture, and reaction chamber. As the ion beam emerged
from the magnetic sector, it was focussed through 4.8 mm diameter differen-
tial aperture using cylindrical electrostatic lenses. The aperture was cut
from a brass disk and vacuum sealed onto a larger aluminum flange that made
a vacuum seal between the target chamber and the forechamber holding the
focussing lenses. Both chambers were constructed of 15.2 cm inside
diameter pyrex pipe. The reaction chamber was 20 cm long. The back-end
was also vacuum sealed to a second aluminum flange that provided access to
the chamber. All beam monitoring connections fed through this flange were
of the type of sealed BNC connectors. A polished brass sleeve, 15.0 cm x
12.7 cm diameter was mounted inside the chamber using teflon rings for
electrical isolation. This sleeve was biased with a positive potential in
order to draw secondary electrons out of the reaction zone. Holes were cut
in the sleeve and aligned with ports on the pyrex chamber to provide access
for gas inlets, vacuum monitoring devices, a quadrupole mass analyzer
equipped with a differential sampler, and a product collector. Background
pressures were typically below 1 x 10

®6
 torn. Reactant gases were differ--

entially pumped through the target chamber at pressures ranging from
1 x 10-5 to 3 x 10-2 torr.

The sputtering source comprised of a 12.1 cm diameter brass disk
mounted on a vacuum sealed rotatable rod. Fetal oxide foils, prepared in
an anodizing cell (6), were mounted on this disk at a fixed angle incident
to the impinging ion beam path. The source could be moved to any distance
from the front aperture, and rotated 3600®

The product collector comprised of a 92 cm x 7.6 cm diameter pyrex
impact trap that was mounted 90 0 to the gas flow. The inner surface of
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this trap was liquid nitrogen cooled during a run. The entire trap could
also be baked-out at about 2000C. During a run, products and substrate gas
were condensed onto the inner surface of this trap for later analysis via
gas chromatography - mass spectrometry. Non-condensible products, however,
were monitored via on-line mass spectrometry. Collected products were
processed through a manifold consisting of various solid adsorbents used to
concentrate reaction products relative to the substrate gas. The
techniques used in this process are similar to those employed in bulk gas
processing for atmospheric analysis (7).

Source Characteristics

A principal concern in designing the above system was to minimize the
effects of secondary electrons on the resultant atom-molecule chemistry.
These electrons were emitted as a result of primary ion collisions with the
oxide surface, and also as a result of ion interaction with substrate
gases. From tests designed to monitor electron impact effects on gaseous
constituents present in the target chamber, it was determined that a sleeve
surrounding the reaction zone and biased with a + 90 v potential would
minimize these effects.

A study was also carried out to provide information related to the
question whether metastable atomic oxygen states are generated through ion
beam sputtering. It is well documented that metastable O( 1D) atoms undergo
reaction with saturated hydrocarbons via C-H insertion to yield the respec-
tive alcohol (8). On the other hand, ground-state 0( 3P) atoms only
abstract H-atoms to yield water. It was possible to measure the metastable
state distribution by measuring the yields of alcohol and water arising
from sputtered 0-atom reaction with a saturated hydrocarbon molecule.
Normal butane gas was used in this test. The following results were
obtained: . a Ta205 target showed only a trace amount of alcohol that was
below detection limits for quantification; a V205 target yielded levels
corresponding to 1 metastable in 150 atoms. It was concluded that the
present conditions for sputtering yielded relatively clean sources of 0(3P)
atoms.

The O-atom sputtering yield (atoms/ion) was also determined from the
water product yields in the above tests. Results indicated 0-atom
sputtering yields as high as 76 atoms/ion and 190 atoms/ion for fresh Ta205
and V205 surfaces, respectively. This afforded dynamic concentrations of
ca 1 x 10 9 and 2.6 x 10 9 atoms/=3 -wk, respectively. It may be possible
to attain even higher concentrations by increasing the mass, energy, or
intensity of the ion beam. Studies have shown that the sputtering yield
generally increases as the mass and energy of the impinging ion beam
increases (9).

Preliminary measurements were taken on the 0-atom translational energy
distribution using a quadrupole mass analyzer modified with an energy
filter. The energy filter was made from a brass disk with a 6.35 mm
aperture that matched the focussing lens to the mass filter. A gold plated
tungsten wire mesh (80% transmission) was spot welded across the aperture.
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This lens was mounted in the mass filter assembly between the ionizer and
focussing lens, and was biased with up to 70 volts using a floated power
supply. The entire assembly was mounted at 90 0 to the axis of the ion
beam. The metal oxide target was also fixed in an orientation 60 0 incident

to the axis of the ion beam, but could be rotated on axis to allow for
energy distribution measurements to be taken at both forward (150 0 + 10)
and backward (30 0 t 15) scattering angles® In operation, neutral atoms were
ionized, energy filtered, then mass filtered. The m/e signal at 16 was
recorded as a differential response to increases in the applied energy
discrimination potential.

Comparisons were made between the m/e signals at 16 from neutral and
ionic particles sputtered from the surface in vacuo by running the ionizer
in both the on and off modes® Results showed that the positive ions
occupied only a very small fraction (< 1%) of the sputtered material. It
was also noted that the m/e signal ratio 164181 was stoichiometric for
Ta205 suggesting that the sputtered material is also dominantly atomic®

Results from these preliminary energy distribution measurements on
neutral 0-atoms sputtered from Ta205 are shown in the histograms in Figures
2a-c® Figures 2a and 2b represent distributions measured in the forward
scattered and backscattered directions® While the distribution appears
poorer in the later case, the integrated signal in this direction was about
a factor of 6 lower than the forward direction® Peak energies in both
cases seemed to coincide with the Ta-0 bond energy (10)® Increasing the
mass of the primary ion beam, as seen in Figure 2c, did little to alter the
peak energy and distribution. Parallel measurements were taken on V205m A
bimodal distribution was observed for this oxide where the peak energy of
the lower energy component roughly corresponded to the V-0 bond energy.
The higher energy component, ca 12 eV, may be representative of the oxide
surface undergoing a stoichiometric change during ion bombardment (6)m

GAS-PHASE STUDIES

Since a number of materials of aerospace interest contain carbon-based
chemical bonds, and the impact velocities in low earth orbits provide ca
5 eV of collision energy for reaction, it would seem logical that studies
on the gas-phase reactions using the fast atomic oxygen source with
molecules containing such bonds, could facilitate understanding certain
cases of material degradation.

In a recent preliminary study, the 7 eV source was used to measure the
effective competition between r-bond reaction and H-abstraction on
trans-2-butene. While it is generally accepted that thermal 0( 3P) atoms

react preferentially, if not exclusively, with the r-bonds of unsaturated
hydrocarbon molecules (8), it is not known under what conditions
H-abstraction may effectively complete against this channel. Recent
studies using substituted alkenes have shown H-abstraction thresholds at ca
1 kcal/mol with rising excitation functions attributing to the significance
of this channel at higher energies.
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In the present study, collision energies ranging between 7 eV and
room temperature were obtained by buffering the target chamber with
various pressures of neon. The average energy lost per collision with
this buffer was calculated using equations derived from the Estrup-
Wolfgang theory (11). Results indicate that the abstraction channel was of
minor relative importance at thermal energy, but dominates the high-energy
regime. A structural effect between cis- and trans-2-butenes was also
observed in this high energy regime. The trans isomer was more susceptible
to H-abstraction (relative to zr-bond reaction) than the cis isomer. Two
explanations are offered for this observation: a true structural effect
may indeed be exerted at the point of the atom's approach to the molecule,
thereby altering the effectiveness of one channel over the other; a pseudo
abstraction channel may also be operative, where H-migration across the C-0
bond of the addition complex followed by dissociation yields the same
result as direct abstraction. In the later, a structural effect may be
exhibited after the fact through varying intermediate stabilities.

SUMMARY

In summary, a system has been described for the generation and
reaction of energetic 0-atoms through ion beam sputtering. This process
produces a clean source of ground-state 0( 3p) atoms with translational
energies in the range of aerospace interest. High concentrations of atomic
oxygen are also available through sputtering. Levels at 2.5 x 10 10 and
6.6 x 1010 atoms/cm3 were obtained using a 25 A Ark" beam on Ta205 and
V205, respectively. Achieving higher levels should also be possible by
increasing the intensity, mass, or energy of the ion beam.

An application of this source was demonstrated in the studies on fast
atomic oxygen reactions with unsaturated hydrocarbons. Results not only
have shown that the nature of the chemistry is extremely dependent on the
collision energy, but suggest that the entrance channels for specific
reactions could be sensitive to geometry factors as well.
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Abstract

A low energy neutral atomic oxygen beam system has been designed and is
currently being assembled at the Lewis Research Center. The system utilizes a
15 cm diameter Kaufman ion source to produce positive oxygen ions which are
charge exchange neutralized to produce low energy (variable from 5 to 150 eV)
oxygen atoms at a flux simulating real time low earth orbital conditions. An
electromagnet is used to direct only the singly charged oxygen ions from the
ion source into the charge exchange cell. A retarding potential grid is used
to slow down the oxygen ions to desired energies prior to their charge
exchange. Cryogenically cooled diatomic oxygen gas in the charge exchange
cell is then used to transfer charge to the oxygen ions to produce a neutral
atomic oxygen beam. Remaining uncharge exchanged oxygen ions are then swept
from the beam by electromagnetic or electrostatic deflection depending upon
the desired experiment configuration. The resulting neutral oxygen beam of
5-10 cm in diameter impinges upon target materials within a sample holder
fixture that can also provide for simultaneous heating and UV exposure during
the atomic oxygen bombardment.

Introduction

Many spacecraft materials exposed to the Low Earth Orbital (LEO)
environment are oxidized by ram impact of atomic oxygen present as a result of
photodissociation of the Earth's upper atmosphere (1-3). The rate of
oxidation of most polymers and some metals is sufficiently high to be of
concern for LEO space missions. As a result, Space Station must utilize
protective coatings or alternative durable materials to assure acceptable long
term performance of exposed components such as solar array blankets, composite
structures, and solar dynamic power system reflector surfaces (4 and 5).

The development and verification of materials durable to the LEO
environment will require both ground based laboratory simulation and in-space
testing. The economics and convenience of LEO simulation facilities will
result in their extensive use provided there is adequate confidence in their
ability to simulate the LEO environment and its effects on materials. The LEO
environment is reasonably well characterized in terms of the ram energy and
flux of the atomic oxygen which is essentially unionized and in the 3p
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ground state. (See Fig. 1) (1 and 6). However, the laboratory production of
0( 3p) at these fluxes and energies without the presence of other species not
typically present in LEO is difficult. Simulation is even more challenging if
one attempts to replicate the synergestic exposure of IR, visible, and UV
solar flux; micrometeroid and space debris impact; thermal cycling; wandering
ram vector orientation; and residual upper atmospheric species. Thus one must
select those aspects of the LEO environment which are relevant to their
particular situation and make arguments that the phenomena occurring in the
laboratory simulation adequately replicates that which has been found to occur
in LEO. The degree to which an atomic oxygen exposure system credibly
simulates the mechanisms occurring in LEO can be judged by quantitative
comparison of measurements of the surface texture, chemistry, and erosion
yield (mass lost per incident oxygen atom) of a variety of materials that
possess volatile oxides. Obviously, the closer one simulates the energy,
flux, and species present in the LEO environment, the lower risk of producing
effects which do not project a realistic simulation mechanism.

Atomic oxygen can be easily produced at low energies (tenths of an eV) but
at high fluxes in RF plasma ashers. Plasma ashers have been valuable for
qualitative evaluation of candidate LEO materials. All materials that are
known to oxidize in LEO also oxidize in plasma ashers. In adddition all
materials that are known to be unaffected in space behave the same in plasma
ashers. However, the relative rates of oxidation of various materials are not
quantifiably in agreement with the LEO results. Thus asher results only allow
one to predict that a material will survive or be oxidized in LEO leaving
knowledge of the rate of oxidation unknown. This may be a result of
differences in energy, flux, metastable states, or species in the plasma. The
plasma may contain ions, electrons, diatomic neutrals and atomic neutrals.

This paper presents design considerations for a neutral atomic oxygen beam
system currently being assembled at the NASA Lewis Research Center that
utilizes ion charge exchange to produce a low energy neutral oxygen beam for
LEO simulation.

Vacuum Facility

The vacuum facility layout is shown in Figure 2. It consists of a 60.96
cm diameter by 1.71 m long non magnetic stainless steel chamber to house the
neutral atomic oxygen beam system components. The vacuum chamber was
specifically designed for the oxygen beam system and has numerous ports for
beam characterization probes. It has full diameter access doors at both ends,
as well as a large 40.64 cm diameter port to mount a vertically downward
oriented ion source within it. The cylindrical vacuum chamber is evacuated by
a 25.4 cm diameter 2350 1/sec diffusion pump with its associated cold trap and
roughing pump. The pumping system utilizes fomblinized oil to allow chemical
stability when pumping oxygen.

Tnn SnurrP

The ion source, shown schematically in Figure 3 is a 15 cm diameter
electron bombardment ion source. The ion source is used to produce oxygen
ions which are to be neutralized by charge exchange as shown in Figure 4. The
ion source utilizes a hot wire filament cathode in which Pt or Ir will be used
to insure adequate life in the oxygen environment. The ion source will be
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The ion beam produced by the ion source is then neutralized (in a bulk
plasma sense but not microscopically) by the addition of electrons from a hot
wire neutralizer located just downstream of the ion source.

Ion Selecting Magnet

An electromagnet is used to direct the singly charged oxygen ions toward
the charge exchange cell as shown in Figures 4 and 5. The electromagnet also
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serves to selectively reject 
02^ and any 0++ ions from entering the charge

exchange cell. The electromagnet is large enough to bend the full 15 cm
diameter beam at energies up to 150 eV with a .0415 tesla field in its gap.

Charge Exchan ge Cell and Retardin q Screen

The singly charged oxygen enters a charge exchange cell after first being
slowed by passing through a retarding screen shown in Figures 4 and 5. The
screen cage within the charge exchange cell is biased to a positive potential
such that the net ion energy has been slowed to 4-5 eV. Because positively
biased surfaces tend to draw high electron currents it may be necessary to
provide a negatively biased electron repeller screen just upstream of the
positively biased ion retarding screen. The termination of electron flow
along with the ion flow would necessitate their readdition by means of a
neutralizer filament within the charge exchange cell cage. Inside the charge
exchange cell a low temperature charge transfer gas is present to supply
electrons to the oxygen ions and thusproduce a fast 4-5 eV oxygen atom beam.
Ideally one would like the reaction 0 + ( 4S) + 02 --1 0( 3p) + 02
to occur with a high probability and without trajectory alterations. The
probability of charge transfer is increased if one increases the density of
the charge transfer gas, as well as, increasing the length of the cell. The
cell shown in . Figure 5 is — 50 cm long. The 02 gas density in the cell is
elevated by cryogenically cooling its copper walls. The cross-section for
0+ + 02 --a 0 + 02'+' is approximately 2 x 10- 16 cm2 for ground state

ions and 3 x 10- 15 cm2 for metastable ions (11). Based on this charge
exchange cell size, the ground state charge transfer cross-section, and an 02,1
pressure of 10- 4 torn, approximately 31% of the incoming ions will be
converted to neutral oxygen atoms.

Several charge transfer issues invite the consideration of alternate gases
and alternate configurations. The highest probability charge transfer occurs
from resonant transfer with atomic oxygen. Because of the complexity of
obtaining a high population of cold atomic oxygen one might consider other
gases with larger Franck-Condon overlaps with 0+ (4S) at the recombination
energy (13.618 eV). Gases which appear to have a high probability of
momentumless charge transfer include H2O, CO2, CH2F2 and CF4 (12).
However, each of these gases will allow nonoxygen species to be back ingested
into the ion source thus allowing some probability of their ionization and
subsequent acceleration. In the case of CO2, back injestion may not be a
problem if CO2 is also used as the ion source gas.

The exact degree to which charge transfer can occur with various gases
without momentum transfer is not well characterized for oxygen ion beams of
4-5 eV. If the charge transfer occurs and imparts significant trajectory
changes to the oxygen ions then a very short single open ended charge exchange
cell operated at high pressure would be needed to allow acceptable fluxes to
arrive at the target sample surface. A short 5.08 cm long, charge exchange
cell option is being fabricated with a small variable diameter entrance hole.
The cell utilizes an electrostatic repeller screen to prevent uncharge
exchanged ions from impacting the sample surface. The reduced inlet to the
cell and lack of an exit port will allow much higher number densities to be
achieved within the cell and still enable off axis directed atomic oxygen to
impinge on the target sample surfaces.
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Ion Deflector Magnet

Uncharge exchanged ions are bent 900 downward from the atomic oxygen
beam by an electromagnet located just downstream of the charge exchange cell
to prevent their impingement upon the sample surface. This electromagnet will
be operated to produce a 0.0076 tesla field over its 12 cm gap.

Sample Holder & Environment

The atomic oxygen impinges upon target samples located just downstream of the
ion deflector ma net. The goal of the system is to simulate the atomic oxygen
flux (10 11 - 10 1 oxygen atoms/cm 2 sec) and energy (4.2 - 4.4 eV) of LEO
conditions, as well as the UV and thermal environment. Thus the samples are
located in a thermally controlled box with the capability of synergestic UV
exposure as shown in Figure 6. Sample rotation is also possible to correctly
simulate the changing angle of attack that would occur on solar oriented
surfaces.

Simulation Analysis

The energy characterization of the atomic oxygen beam can be inferred by
means of retarding potential probing of the oxygen ions which have not charge
exchanged. The measurement of the atomic oxygen flux can be accomplished by
comparative pressure measurements of a differentially pumped cavity located in
the target sample plane. An inlet aperture in the cavity allows both the
02 from the background vacuum facility and the atomic oxygen to enter a
pumped chamber. Because the 02 is randomly directed it has a high
probability of being pumped out while the axially directed atomic oxygen exits
through a downstream aperture and enters an absolute pressure measurement
cavity. By comparing the pressure in this cavity for beam on and beam off
conditions via turning on and off the ion selecting magnet a flux through the
sample plane can be calculated.

Because erosion rates of materials exposed to expected Space Station
altitude fluxes is low, thin film surface analysis techniques including
Rutherford backscattering will be utilized to measure material erosion yields.

Concluding Remarks

A low energy atomic oxygen beam system designed to simulate both the
energy and flux of the LEO environment is being assembled at the NASA Lewis
Research Center. A variety of design considerations and configuration options
are being considered to optimize the quality of the simulation. Synergistic
thermal, UV, and angle of attack exposure considerations will be provided with
surface analysis techniques used to quantify material loss rates.
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Table I	 -	 Oxygen Atom and Ion States
MEAN RADIATIVE

STATE ENERGY (eV) LIFETIME (SEC)
0 (TP Ground State 00
0	 ( 1 S) 4.18 .8
0 (35 5 S° ) 9.13 .0006
0 (35 3 5 0 ) 9.51 1.8x10-9
0 00) 1.96 148.00

0+ 
(4S)

Ground State co
5.9xl 03® :Vz0+ ( 2 D) 3.33

0+ (z D° s/Z ) 3.32 2.1 xl 04
0+ ( Z P°i/Z ) 5.01 5.4
0+ ( z P° 3/z ) 5.01 4.2
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ABSTRACT

A pulsed high flux source of nearly monoenergetic atomic oxygen has been
designed, built, and successfully demonstrated. Molecular oxygen at several
atmospheres pressure is introduced into an evacuated supersonic expansion
nozzle through a pulsed molecular beam valve. An 18J pulsed CO2 TEA laser is
focused to intensities > 10 9 W/cm2 in the nozzle throat to generate a laser-
induced breakdown. The resulting plasma is heated in excess of 20,000 K by a
laser-supported detonation wave, and then rapidly expands and cools. Nozzle
geometry confines the expansion to promote rapid electron-ion recombination
into atomic oxygen. We have measured average 0-atom beam velocities from 5 to
13 km/s at estimated fluxes to 10 18 atoms per pulse. Preliminary materials
testing has produced the same surface oxygen enrichment in polyethylene
samples as obtained on the STS-8 mission. Scanning Electron Microscope exam-
inations of irradiated polymer surfaces reveal an erosion morphology similar
to that obtained in low earth orbit, with an estimated mass removal rate of
-10-24 cm3/a tom. The characteristics of the O-atom source and the results of
some preliminary materials testing studies will be reviewed.

INTRODUCTION

Satellites in low-earth orbit sweep at velocities of -8 km/s through a
rarefied atmosphere which consists primarily of atomic oxygen. Experimental
pallets flown on Shuttle missions STS-5 and STS-8 clearly demonstrated a
dependence of material degradation and mass loss on the ram direction atomic
oxygen exposure.(1-4) These experiments indicate that most hydrocarbons and
active metals are highly reactive, whereas material containing silicones,
fluorides, oxides and noble metals are moderately inert. For Kapton, ® an
important aerospace polymer, it was observed that about one in ten atomic
oxygen interactions lead to mass loss due to chemical reaction.(2,3)

The need for continued material degradation studies has been emphasized
in a study by Leger et a1.(5) where it was demonstrated that atomic oxygen
induced material degradation could have a severe impact on the performance of
Space Station. The EOIM-3 material pallet, with sophisticated instrumentation
to detect atomic oxygen reaction products and to study reaction mechanisms, is
scheduled to be deployed on a future Shuttle mission, and NASA is actively
pursuing the development of various hardening techniques to make materials
more impervious to the effects of energetic atomic oxygen interactons.

The recent setbacks in launch capability have reemphasized the need for a
high flux atomic oxygen source which can be used to study material degrada-
tion. Although in-flight experiments provide valuable test data, the large
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matrix of materials and test parameters, and uncertain flight scheduling now
mandate that most of these studies be performed in a ground test facility.

A high flux source of atomic oxygen has been developed at Physical
Sciences Inc. (PSI) based on years of research in the area of pulsed laser
propulsion.(6-8) The basic concept is to rapidly introduce a burst of gas
into an evacuated nozzle and then to focus the output of a pulsed laser to
cause a breakdown at the nozzle throat. The subsequent laser-initiated
detonation wave will heat the major portion of the gas during the laser pulse
creating a high temperature plasma. This plasma will then expand through a
nozzle tailored to allow electron-ion recombination but not atomic recombin-
ation. As the gas expands its temperature and density will drop, however, its
directed velocity increases correspondingly, producing a thermally "cold,"
high energy beam of oxygen atoms at the nozzle exit. This technique has been
utilized to produce a high velocity 0-atom source for material degradation
studies. For example with 10-4g of gas and a 5J laser pulse we predict
formation of >10 18 oxygen atoms with a characteristic energy of 5 eV. For
comparison with other sources, if the source is pulsed at 10 Hz, an average
flux of >10 17 0-a toms/cm2-s can be maintained on a 100 cm 2 target.

In our research effort at PSI we have constructed a small test facility
to demonstrate that high velocity oxygen atoms can be produced. A series of
measurements have been performed to demonstrate the presence of atomic oxygen
and the measured velocities agreed with theoretical predictions. Measurements
of the material degradation of 0-a tom irradiated targets are being performed,
and these experimental observations are described. The design of a larger
0-atom test facility presently under construction is also presented.

FACILITY DESCRIPTION

The present test facility consists of a stainless steel high vacuum
chamber in which oxygen gas is rapidly pulsed through a conical expansion
nozzle and laser heated by a pulsed CO2 laser to temperatures above 20,000 K.

QUARTZ WINDOWS

A schematic diagram of the appara-
tus is shown in Fig. 1. The vacuum
chamber is a standard 20 cm diameter
five-way stainless steel high vacuum
cross with Con-Flat flanges. Each
sidearm extends 20 cm from the center
of the chamber. A sixth 10.0 cm
diameter port was welded to the bottom
of the chamber for evacuation. The top
flange of the vacuum chamber has two
radiometers for time-of-flight velocity
measurements into the chamber. The
pulsed valve/nozzle assembly is mounted
on the end flange which also contains
vacuum feed-throughs for electrical
connections. The opposing flange holds
the laser focusing lens. Each side
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Fig. 3® Laser/optics assembly

flange has two 5 cm diameter quartz view-ports for visual and spectroscopic
observations.

The bottom flange is connected to a 10 cm diffusion pump stack equipped
with an ionization gauge readout. The ultimate pressure in the chamber is
3 x 10-5 torr. In operation the chamber pressure is kept below 1 x 10 -4 Corr,
to prevent beam interaction with the background gas. (Mean free path at
10- torr is 50 cm which is greater than the chamber length and is sufficient
to provide a "collision free" environment®) The pumping speed of the vacuum
chamber is sufficient to allow introduction of a pulse of 10-4g of oxygen at
1 Hz into a background pressure below 1 x 10 -4 torr.

The pulsed valve/nozzle
assembly is shown schematically in
Fig® 2. The valve is a modified	 1/8" 0-RING TIP

Model BV-100V pulsed molecular
beam valve from Newport Research,	 VALVE

Inc. This valve allows the gener- 	 MECHANISM

a tion of short duration pulses of	 1 mm ORIFICE PLATE

gas at high f lowra tes which cannot 	
PULs

be continuously maintained under
high vacuum conditions due to
pumping speed limitations. The	 Fig. 2,
valve is operated with a 1 mm i.d.
orifice plate, and is bolted

COOLING
JACKET	

PRESSURE TRANSDUCERS

_ 20"_ _ _7 _ COZ LASER BEAM

VALVE	 r}m	 NOZZLE -P

0-atom source pulsed valve/
nozzle assembly

directly to a 100 mm long, 20 deg full angle aluminum expansion nozzle with a
1 mm i " d " throat. The choked flowrate of the valve/nozzle assembly is 0,19g
of oxygen per second per atmosphere stagnation pressure®

The nozzle has two flush mounted pressure transducers located 43 and
93 mm from the throat with 1 ps response time and 20 mV/psia sensitivity.

A Laser Applications Limited TEA CO2 laser is used to generate 18J pulses
of 10.6p radiation® The energy is delivered in a 2.5 ps pulse, with approx-
imately one-third of the energy delivered in the first 200 ns® The radiation
in the gain switched spike generates a laser induced breakdown in the high
pressure oxygen at the nozzle throat forming a plasma which continues to
absorb the radiation as long as the laser is on®

The laser beam is directed to
the test chamber by three gold
turning mirrors (Fig. 3) " A
barium fluoride flat between
the second and third mirror
reflects eight percent of the
beam to a calorimeter to moni-
tor the laser energy® A
300 mm focal length barium
fluoride lens is used to focus
the laser beam to -1 mm
diameter spot size at the
nozzle throat.

LUMONICS 50-0
ENERGY METER n
	 BaFZ

BEAM SPLITTER
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BEAM DIAGNOSTICS

Optical measurements have been conducted to characterize the laser
initiated 0-atom beam. Beam velocities from 5 to 13 km/s were obtained by
varying both the stagnation pressure and the laser energy. The velocities
were deduced by monitoring the time history of the 777.3 nm atomic oxygen line
emission with two filtered radiometers mounted on the top flange of the vacuum
chamber.

The spectral measurements of the O-a tom beam, and target interactions
have been obtained using a Princeton Instruments Optical Multichannel Analyzer
(OMA). The OMA head consists of a 1024 photodiode array with a gated S-20R
intensifier. The spectrograph is a Jarrel Ash 0.275m MARK X with interchange-
able grating, and a maximum resolution of 3A. The optical field of view in
the chamber was restricted to a 0.090 x 0.90 cm rectangle by a collecting
telescope matched to the f number of the spectrograph. Glass cut-on filters
were used to prevent second and higher order spectra from being recorded.

Spectra are recorded using the OMA in the gated mode. The diode array
was gated on 5 us after the laser trigger to prevent detection of scattered
breakdown radiation. A number of spectral scans of the radiation from the
expanded oxygen plasma were performed over the wavelength range of 400 to
800 nm. Results were highly reproducible. The strongest signals arose from
atomic oxygen emission at 777 nm. No evidence of 0 2 emission was identified,
however, some atomic hydrogen emission was observed due to laser ablation of
the valve tip elastomers, and H2O impurities in the oxygen feed gas.

Characterization of the beam has been also performed by ballistic pendu-
lum measurements of the cold and hot flows. This has allowed quantization of
the atomic flow rate to within a factor of two. Refinements in the larger
test facility, primarily a time-of-flight mass spectrometer probe, will
further reduce this uncertainty.

PRELIMINARY MATERIAL DEGRADATION STUDIES

Preliminary material degradation studies have been conducted with the
small test facility. Materials irradiated have included polyethylene,
Teflon®, Kapton6 (untreated and oxidation resistant treated samples), Mylare,
PEEK, PBT and Carbon Epoxy composites.

Ground-based testing facilities must produce a surface morphology and
mass removal rate similar to that produced on orbit to provide meaningful
erosion data. Typical erosion morphology of a polymeric sample is shown in
Fig. 4 (graciously provided by J.T. Visentine), for exposure levels of 5 to
9 x 1020 0-a tom/cm2 , corresponding to -1 week on orbit. Kapton samples
irradiated in our facility to an exposure level of -3.3 x 10 20 0-atom/cm2 show
a remarkably similar surface morphology Fig. 5, and measurable mass loss
(-1.3 mg). (Fig. 6 shows a sample of Kapton 500H prior to exposure for com-
parison.) This morphology is not due to kinetic energy alone since another
sample of Kapton was bombarded with -5 eV Ar (Fig. 7) and showed no mass loss.
Similar results were obtained with low and high density polyethylene samples.
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Figa 7s Kapton 500H irradiated by 5 eV Ar for 12,000 pulses
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Current capabilities provide for exposure rates of -1.5 x 10 20 atom/

cm2-hr at -5 eV (-1.6 Hz); and provide an exposure acceleration factor of 50
compared to LEO and 5000 for space station altitudes for -6 cm 2 samples. A
larger facility described below will allow for further accelerated testing.

DESIGN OF LARGE-SCALE TEST FACILITY

The small test facility produces high density O-atom beams, but cannot
irradiate large sample areas. Using the same techniques, we are constructing
a large chamber to allow the testing of larger samples (-15 cm diameter) at a
10 to 20 Hz pulse rate.

In order to accommodate
larger samples, or many smaller
ones, the new chamber will be
40 cm o.d. six-way cross
assembly. A chamber this size
allows for convenient sample
access, mass spectrometer probes
for beam and target product
analysis, in situ mass loss
measurement, velocity dependent
measurements and target irradi-
ation by a UV solar simulator.
A schematic of the chamber is
shown in Fig. 8.

PASSIVE EMISSION/OMA SYSTEM

i -

TARGET

/	 MASS
SPECTROMETER

/	 1	 CHOPPER WHEEL DRIVE (OCCASIONAL)
1

OCO2 LASERr^
LASER INDUCED

CRYOPUMP	 FLUORESCENCE DIAGNOSTIC
PIMP

Fig. 8. Schematic of new 0-a tom facility

A Varian cryopump with a speed of 3000 21s will maintain 10 -4 torr in
the chamber with a gas load of 10 -3 g/s. A cryopump was chosen to eliminate
any possible contamination of test samples by back diffusion of pump oil.

Two quadrupole mass spectrometer systems will be coupled to the main
chamber. A Balzers QMS 311 will be used to monitor the atomic beam. It will
sit in a differentially pumped chamber, separated from the main chamber by a
sampling orifice. This QMS will monitor the pulse to pulse reproducibility of
the 0-atom beam, and when cross calibrated with the laser induced fluorescence
diagnostic, will provide a real time quantitative 0-a tom detector. A second
QMS will be suspended from the top flange of the chamber to monitor the reac-
tion products of the atomic oxygen/interaction and will be mounted to allow
for rotation with respect to the target for angular product dependence
studies.

The pulsed CO2 laser system was manufactured by Laser Applications
Limited and provides 18J per pulse at 10 Hz. This allows a sufficient margin
for transmission and reflection losses to process -10 -4g bursts of gas into
5 eV 0-atoms. Furthermore an option for 20 Hz operation is available to
provide a higher throughput.

A Quantel 10 Hz YAG pump dye laser system will be used for multiphoton
laser induced fluorescence detection of atomic oxygen. Approximately 1 mJ at
226 mm can be obtained for the excitation of ground state atomic oxygen
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(2p43p + 3p33p3p) with subsequent fluorescence around 845 nm from the
.3p3P $ 3 s S transitions in atomic oxygen, and the same technique can be used
to detect the 1D and 1S metastables.

SUMMARY

Our goal is to build a reliable ground based energetic 0-atom test
facility which will be able to meet the NASA material testing requirements.

The concepts of the design have been demonstrated both experimentally and
theoretically, and the technique exploits the characteristics of existing
commercially available high power laser technology. At present repetitively
pulsed CO2 lasers provide the most convenient source of laser radiation in
terms of reliability, cost and delivered energy.

With a 10 Hz pulse rate, the device will conservatively irradiate a
100 cm2 area with >10 17 atoms/cm2-s. In less than 2 hr of operation under
these conditions, energetic oxygen atom fluences of 7 x 10 20 /cm2 will be
possible over the exposed area. For comparison this 0-atom fluence is equiv-
alent to that seen by a ram direction shuttle surface for an entire week-long
mission in low earth orbit (250 km) and is equivalent to the fluence seen by a
ram surface of the Space Station at 500 km altitude during the course of an
entire year (during a year of average solar activity). Although questions can
be raised by accelerated testing, this new facility will provide the ability
to identify materials most affected by 0-atoms (which can then be tested
further on-orbit), to systematically separate effects of UV irradiation,
temperature, and 0-atom energy, to study the rate of change of recession/
material loss as surfaces change character, and to identify failure points
(most susceptible to erosion) in assemblies such as solar cells. The
importance of such effects has been clearly demonstrated in recent Space
Shuttle flights.(5, 9-11).

With this new test facility we can perform quantitative erosion testing
of materials, components, and even small assemblies (such as a solar cell
array) in order to determine components or interfaces which are most vulner-
able to 0-atom erosion. This ground-based facility will allow accelerated
testing to identify structures or materials which are in most critical need of
protection so that remedial strategies or protective coatings can be developed
and even tested in this ground test facility at a fraction of the cost and in
a much more timely manner than on-orbit.
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1. INTRODUCTION
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2. EXPERIMENTAL DETAILS
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The thickness of the film is determined by the quantity of gas allowed to flow through the nozzle of the
doser. No independent determination of film thicknessis made dur ing  the course of the experiment.
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Figure 1. Schematic representation of the apparatus for laser blow off
time-of-flight measurements from cryogenic films.

Measurements of the time-of-flight of the individual constituents in the beam are made on a single
shot basis. The laser focussing lens is positioned to allow the beam to strike a new spot on the Mm for
each shot. The quadrupole mass analyser (EA1300), with the ionizer located 30 cm from the target, is
tuned to the desired m je to be transmitted. The transmitted ions are deflected by a biased grid into a
channeltron electron multiplier (Galileo Electro-optics CEM 4700) placed oft axis to prevent interference
from the laser pulse or fast neutral species unaffected by the quadrupole mass analyzer. A 100 MHz
transient waveform recorder (Biomation 8100), triggered by a photodiode monitoring the laser, captures
the amplified output of the channeltron electron multiplier. The signal is then output to an X-Y recorder.
The recorded time-o#--flight traces were digitized at 3 microsecond timebase intervals and the data stored
on magnetic disk for subsequent analysis.

&RESULTS

Time-of-flight traces for KrF laser blow-off of an approximately 0.3 micron thick film composed of
20% ozone in solid oxygen are shown in Figure 2. The m f e=16 trace corresponds to signal due to 0+
ion transmitted through the maw filter on a single laser shot. The m/e=32 trace is due to molecular
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Ot on a subsequent laser shot. Both traces in the figure have been corrected for transit time through
the mass spectrometer according to:

(v,2 + v02 ) 112 (tua — di ) °- d22 va = 0	 (1)

The signal detected for m/e--32 indicates some molecular oxygen is present in the beam. Since
molecular oxygen undergoes dissociative ionization, there will be a contribution due to molecular oxy-
gen in the m/e--16 time-of-flight trace. The electron-impact ionization processes and corresponding
probabilities for molecular oxygen are:

02 ---+ 02 + e°	 P02+ = 0.7	 (2)

d
02 --a► O+ + 0 + e° Po+ = 0.3 (3).

The contribution of the 0 2 dissociative ionization component in the m/e--16 time-of-flight signal may be
removed by subtracting m/e---32 data corrected for m/e--16 transit time and scaled by the appropriate
factor. This scaling factor is given by the ratio of probabilities for dissociative ionization to simple
ionization:

Po+
Po: = 0.43	 (4).

The effect of this correction to the m/e--16 data is shown in the lower trace of Figure 3.

Figure 2. Time-of-flight traces of m/e =16	 Figure 3. The dashed line corresponds to the
and m/e = 32 for laser blow off from a	 m/e = 16 signal corrected for dissociative
0.3 micron film of frozen ozone/oxygen.	 ionization of 02 . The solid line represents the

m/e ®16 data corrected for finite residence time in
the ionizer.
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P(t) = 1 — exp (—t/r)	 (5)

The optical inewurements for laser blow off from ITO Mms showed no indication of emission at
the 777.3 nm line of oxygen. A small quantity of nitric oxide (NO) gas was metered . into the vacuum
chamber to establish the presence of atomic oxygen -via recombination glow of the excited NO 2 product:

NO + 0 ---a NO2 * --4 N09 + hP

The recombination glow was observed downstream from the target after the laser pulse, indicating the
production of atomic oxygen in the blow off process.

4. DISCUSSION
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Figure 4. Flux of atomic oxygen plotted
	

Figure 5. Results of fitting the sum of three
against translational energy for laser blow off

	
components in the form of equation(B) to data

from an ozone/oxygen film. 	 observed for blown-off atomic oxygen from
a solid ozone/oxygen film.

u 	 Avis
	 (7)

For on-axis detection, the equation relating the flux arriving at a detector a distance d from the target
as a function of time t is:

= No( 'n )32 (1) 1'2d/t4eXp I - ( .n)t-2 [d— At (MT—) 
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orbit environment.
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An Electrically Conductive Thermal Control
Surface for Spacecraft Encountering

Low-Earth Orbit Atomic Oxygen
Indium Tin Oxide-Coated Thermal Blankets

J. L. Bauer

Mechanical and Chemical Systems Division
Jet Fropuision Laboratory

California Institute of Technology

ABSTRACT

Reference is made to the European Space Agency (ESA) Ulysses spacecraft,
which also used ITO protection on thermal control surfaces.
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Resonant Enhanced Multiphoton Ionization Studies
of Atomic Oxygen

S. N. Dixit f , D. Levin l and V. McKoyf

t Caltech, Pasadena, CA 91125
*Institute for Defence Analyses, Alexandria, VA 22311

In Resonant Enhanced Multiphoton Ionization ( REMPI), an
atom absorbs several photons making a transition to a
resonant intermediate state and subsequently ionizing out of
it. With currently available tunable, narrow-band lasers,
the extreme sensitivity of REMPI to the specific arrangement
of levels can be used to selectively probe minute amounts of
a single species ( atom) in a host of background material.
Determination of the number .density of atoms from the
observed REMPI signal requires a knowledge of the
multiphoton ionization cross sections. In the last year, we
have been investigating REMPI of atomic oxygen through
various excitation schemes that are feasible with available
light sources. Using Quantum Defect Theory ( QDT) to estimate
the various atomic parameters, we have studied the REMPI
dynamics in atomic oxygen incorporating the effects of
saturation and a. c. Stark shifts. Results will be presented
fo ^REMPI 3probabilitkes fo excitation through various
2p ( S ) np P and 2p ( S°) of P levels.
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A High Flux Source of Swift Oxygen Atoms

M. Fink, A.A. Kohl, J.W. Keto and P. Antoniewicz
The University of Texas at Austin

Austin, Texas 78712

A source of swift oxygen atoms is described which has several unique fea-

tures® A high current ion beam is produced by a microwave discharge, acceler-

ated to 10 keV and the mass selected by a modified Dupont 21-110 mass spectro-

meters The 0+ beam exiting the mass spectrometer is focused into a rectangular

shape with an energy spread of less than one eV. The next section of the ma-

chine decelerates the ion beam into a counterpropagating electron beam in order

to minimize space charge effects. After deceleration, the ion beam intersects

at 90% a neutral oxygen atom beam, which via resonant charge exchange produces

a mixture of 0+ and 0. Any remaining 0+ are swept out of the beam by an elec-

tric field and differentially pumped away while the desired 0 beam, collimated

by slits, impinges on the target. In situ monitoring of the target surface is

done by XPS or Auger Spectroscopy. Faraday cups provide flux measurements in

the ion sections while the neutral flux is determined by a special torsion bal-

ance or by a quadrupole mass spectrometer specially adapted for swift atoms.

While the vacuum from the source through the mass spectrometer is maintained by

diffusion pumps, the rest of the machine is UHV.
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Absolute Flux Measurements for Swift Atoms

M. Fink, D.A. Kohl, J.W. Keto and P. Antoniewicz
The University of Texas at Austin

Austin, Texas 78712

Mile a torsion balance in vacuum can easily measure the momentum transfer

from a gas beam impinging on a surface attached to the balance, this measure-

ment depends on the accomodation coefficients of the atoms with the surface and

'the distribution of the recoil. A torsion balance is described for making abso-

lute flux measurements independent of recoil effects. The torsion balance is a

conventional taut suspension wire design and the Young modulus of the wire de-

termines the relationship between the displacement and the applied torque. A

compensating magnetic field is applied to maintain zero displacement and pro-

vide critical damping. The unique feature is to couple the impinging gas beam

to the torsion balance via a Woods horn, i.e. a thin wall tube with a gradual

90° bend. ,lust as light is trapped in a Woods horn by specular reflection

from the curved surfaces, the gas beam diffuses through the tube. Instead of

trapping the beam, the end of the tube is open so that the atoms exit the tube

at 90° to their original direction. Therefore, all of the forward momentum of

the gas beam is transferred to the torsion balance independent of the angle of

reflection from the surfaces inside the tube.
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Hypervelocity Atomic Oxygen Source for the Study Of

Atom-Surface Interactions

By

A. Freedman, W. Unkel,.and C. Stinesprin

Aerodyne Research, Inc.
45 Manning Road

Billerica, MA. 01821

ABSTRACT

This work is supported by the Air Force Office of Scientific

Research.
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Reactions of Atomic Oxygen [0(3P)] with Polybutadienes
and Related Polymers

Dorton A. Golub, Narcinda R. Lerner, and Theodore Wydeven
Ames Research Center, NASA, Moffett Field, California 94035

Thin films of the following polymers were exposed at ambient temperature to
ground-state oxygen atoms [0( 3 P)], generated by a radio-frequency glow discharge
in Oz: cis- and trans-1,4-polybutadienes (CE and TB), amorphous 1,2-polybutadiene
(SIB), polybutadienes with different 1,4/1,2 contents, trans polypentenamer (TP),
cis and trans polyoctenamers (CO and TO), and ethylene-propylene rubber (EPM).
Transmission infrared spectra of CB and TB films revealed extensive surface recession,
or etching, unaccompanied by any microstructural changes within the films, demon-
strating that the reactions were confined to the surface layers. Contrary to the report
by Rabek, Lucki, and R&nby (1979), there was no 0( 3P)-induced cis-trans isomeriza-
tion in CE (or T). From weight-loss measurements, etch rates for polybutadienes
were found to be markedly dependent on vinyl content, decreasing by two orders of
magnitude from CB (2% 1,2) to structures with 30-40% 1,2 double bonds, thereafter
increasing by half an order of magnitude to VB (97% 1,2). Relative etch rates for
EPM and the polyalkenamers were in the order: EPM > CO (or TO) > TP > CB.
The sole non-elastomer examined, TB, had an etch rate about six times that of CB,
ascribable to a morphology difference. Cis/trans content had a negligible effect on
the etch rate of the polyalkenamers. Mechanisms involving crosslinking through vinyl
units are proposed for the unexpected protection imparted to polybutadienes by the
1,2 double bonds.
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Chemical Interactions in Low Earth Orbit

D. D. Green

Physical Sciences Inc.

Dascomb Research Park

Andover, MA 01810

Although several observations of material changes on-orbit

have been reported, mechanistic understanding has not yet become

clear because new sets of non-intuitive processes are occurring

on orbit. Reactant kinetic energy, low collision rates and

surface/adsorbate interactions must be considered in the analysis

of these observations. The specific example of oxide formation

of elemental materials will be examined in terms of thermodynamics

and possible reaction pathways. On the basis of this approach,

a rational trend emerges from the orbital behavior of these

samples. The role of reactant kinetic energy as opposed to

internal energy in chemiluminescent product formation will also

be presented. Development of a systematic thermochemical

approach may be useful in making screening predictions of long-

term material behavior on-orbit.
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THEORETICAL  APPROACH TO OXYGEN ATOM DEGRADATION OF SILVER

by

Albert T. Fromhold, Jr., Seung Noh, Ronald Beshears
Physics Department, Auburn University, AL 36849

and

Ann F. Whitaker, Sally A. Little
Marshall Space Flight Center, AL 35812

*Research Supported in part by NASA Contract NASS-36471
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Groundbased Studies of Spacecraft Glow and Erosion
Caused by Impact of Oxygen and Nitrogen Beams* ,

W.D. banger, S.A. Cohen, D.M. Manos, R.W. Motley and S.F. Paul

Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ 08544

To simulate surface reactions in the space environment we have developed
a groundbased facility that produces a very high flux (10 14 to 1016/cm2/s) of
low energy (2-20 eV) neutral atoms and molecules® The neutral beams are
created using a novel method involving neutralization and reflection of ions
from a biased limiter, where the ions are extracted from a toroidal plasma
source We present spectra of emission due to beam-solid interactions on
targets of Chemglaze Z-306 optical paint and Kapton® We measured erosion
yields for carbon and Kapton targets with low energy (, 10 eV) nitrogen and
oxygen beams® The reaction rates and surface morphology for the erosion of
Kapton are similar to those measured in experiments on STS-5®

*Funded by a research grant from NASA No® NAGS-521®
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Potential Surfaces for 0 Atom-Polymer Reactions

by
B. C. laskowski

Analatom, Inc., 1977 Concourse Drive, San Jose, CA 95131
and

R. L. Jaffe
NASA-Ames Research Center, Moffett Field® CA 94035

Ab Initio quantum chemistry methods are used to study the energetics

of interactions of 0 atoms with organic compounds. Polyethylene (CH2)n has

been chosen as model system to study the interactions of 0( 3P) and 0(1D) atoms

with polymers. Initially we are looking at H abstraction and represent

polyethylene by a C3 (Propane) oligomeric model®

The gradient method, as implemented in the GRADSCF package of

To correctly describe the change in bonding during the reaction at

least a two configuration MCSCF or GVB wave coon has to be used.

Basis sets include standard Pople and Dunning sets, however, increased

with polarization functions and diffuse p functions on both the C and 0 atoms.

The latter is important due to the 0- character of the wavefunction at the

saddle point and products®

Normal modes and vibrational energy levels are given for the

reactants, saddle point and products.

Finally, quantitative energetics are obtained by implementing a small

CAS approach followed by limited C1 calculations. Comparisons are made with

limited available experimental data.

in future work we will be looking at reactions leading to carbon-

carbon bond rupture in larger oligomers.
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NASA MARSHALL SPACE FLIGHT CENTER ATOMIC OXYGEN INVESTIGATIONS

by

Physical Sciences Branch
Materials and Processes Laboratory

Marshall Space Flight Center, AL 35812

ABSTRACT

166



N

AN EVALUATION OF CANDIDATE OXIDATION RESISTANT MATERIALS

FOR SPACE APPLICATIONS IN-LEO

By Sharon Rutledge, Bruce Banks and Michael Mirtich
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

Frank Di Filippo, Deborah Hotes and Richard Lebed
Case Western Reserve University

Cleveland, Ohio 44106

Terese Dever and Michael Kussmaul
Cleveland State University

Cleveland, Ohio 44114

ABSTRACT
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Martin Marietta Atomic Oxygen

Low Earth Orbit Simulation

by

Gary W. Sjolander and Lyle Bareiss

(Poster Abstract)

An atomic oxygen beam apparatus that produces flux levels and atomic

kinetic energy similar to that encountered by spacecraft in low earth orbit

(LEO) is coming on line at Martin Marietta Denver Aerospace, The beam

appratus consists of an electric discharge ion source, mass filter.,

decelerator, and neutralizer. Specific design goals include a 1.3 cm beam

diamter, a 5 eV beam energy, and a flux density on the order of 1®E+15
®2 

-1 . The total fluence will be on the order of 1.E+19 ccm s	 m2 for

an 8 hour test® The neutral oxygen beam will expose various materials

contained with a large target chamber. Within the chamber will be a rather

complex suite of instrumentation that will allow real-time studies of

material mass loss and reactant species spatial distribution® In addition,

a UV solar simulator will aid in the understanding of various synergistic

effects.

At present, the AO beam appratus has been checked out through the mass

filter® Beam currents in excess of 1 mA at 5000 eV have been measured for

nitrogen, oxygen, and hydrogen prior to the mass filter; and beam space

charge analysis has been confirmed for a hydrogen beam through the mass

filter section. Beam uniformity is 8% across a 1®3 cm diameter atomic

oxygen beam at 10 microamperes and 3000 eV® The next phases will include

decelerator and neutralizer testing.

Material testing and research in this atomic oxygen environment will

include all materials of interest for LEO spacecraft including space

station. Results of ground based testing will provide input data to

computer modeling of long duration mission analyses of atomic oxygen

effects. Ground based testing will also be compared with past and future

flight test data through a cooperative effort with Dr® J. Gregory of the

University of Alabama in Huntsville as part of the Consortium for Materials

Development in Space.
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Spacecraft ram glow and surface temperature

G. R. Swenson and S. B. Mende (Both at; Lockheed Palo Alto Research Laboratory,

D91-20/B255, 3251 Hanover Street, Palo Alto, Ca. 94304)

E. J. Llewellyn (ISAS, University of Saskatchewan, Saskatoon, Canada)

Space shuttle glow intensity measurements show large differences when the

data from different missions are compared. In particular on the 41-G mission

the Space Shuttle ram glow was observed to display an unusually low intensity.

Subsequent investigation of this measurement and earlier measurements suggest

that there was a significant difference in temperature of the glow producing ram

surfaces. The highly insulating properties coupled with the high emissivity, of

the shuttle tile results in surfaces that cool quickly when exposed to deep

space on the night side of the orbit.

The increased glow intensity is consistent with the hypothesis that the

glow is emitted fromm excited NO 2 . The excited NO 2 is likely formed through

three body recombination (0I + NO + M = NO 2 ) where ramming OI interacts with

weakly surface bound NO. The NO is formed from atmospheric OI and NI which is

scavenged by the spacecraft moving through the atmosphere. We postulate that

the colder surfaces retain a -thicker- layer of NO thereby increasing the

probability of the reaction. It has been found from the glow

intensity/temperature data that the bond energy of the surface bound precursor,

leading to the chemical recombination producing the glow, is -0.14 ev. A

thermal analysis of material samples of STS-8 has been made and the postulated

temperature change of individual material samples prior to the time of glow

measurements above respective samples are consistent with the thermal effect on

glow found for the orbiter surface.
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Comments-on the Interaction of Materials with Atomic Oxygen

Larry P. Torre and H. Gary Pippin

Boeing Aerospace Company

Pm Oe Box 3999 M/S 8Y-70

Seattle, WA 98124
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EFFECT -P LONG-TERM O URE TO LEO SPACE ENVIRONMENT

by

D. G. Zimcik
Communications Research Centre

Ottawa, Canada
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APPENDIX B: MINUTES FROM PANEL DISCUSSIONS
OPEN SESSION ON ATOMIC OXYGEN EFFECTS TEST PROGRAM

Co-Chairmen: Michael Greenfield; NASA Headquarters
Bruce A. Banks; NASA Lewis Research Center

Session started with an introduction and summary statement of
objectives by Dr. Michael Greenfield. The session was then
conducted by Bruce Banks. Five major subject areas were discussed:
Objectives, Materials Selection, Exposure Environment Documentation,
Surface Interaction Characterization, and Logistics. 	 The
discussions for each of these areas are summarized below.

objectives:

o

	

	 To compare the LEO simulation characteristics of existing
atomic oxygen exposure facilities.

o To utilize the collective data from a multitude of
simulation facilities to help understand mechanism and
erosion yield dependence upon energy, flux, metastables,
charge, and environmental species.

Some questions arose as to whether these are the objectives that
should be followed. Some participants wanted to see more
mechanistic studies of materials being performed and others wanted
to use the program to develop protective materials. The main
objective, however, is to compare the LEO simulation characteristics
of existing facilities with the reality of LEO, which will require
use of some materials that have been tested in LEO. More
fundamental mechanistic studies and more applied protective
materials evaluations can be and are being done independently by the
participants.

The chairmen considered the objectives to be the basic purpose of
the proposed test program and felt that they should not be voted on
but remain as stated above.

Materials Selection:

Three materials were listed as examples of possible materials for
facility comparison test samples: Kapton, PTFE Teflon, and
Polyethylene. The floor was opened for discussion and suggestion of
materials that the participants would like to see tested. After all
suggestions were made, a vote was taken by a show of hands to select
materials, each participant allowed to vote for three choices. The
results are as follows:

Votes Material
41 Kapton
14 PTFE Teflon
17 Polyethylene
1 Thermal Control Paint
0 Graphite Metal Matrix
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31	 Carbon (Thin Film)

	

17	 Carbon Single'Cxystal

	

2	 Silicone

	

1	 Fluorosilicone

	

8	 Polycrystalline Silicon

	

14	 Silver

	

2	 1,2, Cis-Polybutadiene

	

1	 Silicone Block Copolymer

	

3	 Polystyrene

Some general criteria given by the participants for materials
selection were:

For accurate facility comparison, results should be referenced
to a standard such as a flight experiment. So materials should
be chosen which are well characterized in flight experiments
(Kapton, carbon, polyethylene, silver, etc.).

For comparisons which allow mechanistic studies to be performed
a material is needed which is simple and well characterized
when it is made, i.e., carbon single crystal, polycrystalline
silicon, 1,2 cis-Polybutadiene, etc. Kapton was thought, by
some participants, to be too complex for mechanistic studies.

Participants were told that the final decision for materials
selection would be based on input as a result of their voting.
Participants will receive samples of each material that are well
characterized and supplied by the same source to assure uniformity
of comparison.

Exposure Environment Documentation:

Six potential parameters were suggested as candidates for
documentation in these tests: flux, fluence, energy, metastable
state distribution, charged species population, and environmental
gas species. The floor was opened for discussion and ideas for
additional parameters to be added to this list. The purpose was to
generate a list of possible parameters but not to vote on them at
this time. The list that resulted is as follows:

Flux
Fluence
Energy
Metastable State Distribution
Charged Species Population
Environmental Gas Species
Peak Flux
Energy Distribution
Sample Temperature
Species Partial Pressure
UV Environment
Sample Surface Preparation
Oxygen Purity
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Some concern developed as this list grew longer that not all of the
facilities would be capable of measuring these parameters and would
be excluded from the test program if they could not. They were
assured that no facility would be excluded and that these are
suggested parameters and the facilities should supply those
parameters decided upon which they can measure.

Surface Interaction Characterization:

Three general catagories were suggested as possible characterization
areas and one technique was listed under each: Morphology (SEM);
Erosion Yield (cm 3/atom); and Chemistry (ESCA). The floor was then
opened for discussion to obtain additional characterization areas.
The resulting list is given below:

Morphology:	 SEM

Erosion Yield: cm3/atom; Surface Recession Measurement

Chemistry:	 ESCA; EDAX; FDIR; IR (and duration between the
atomic	 oxygen	 exposure	 and	 the	 specific
characterization)
Ejected Species (energy, etc.)
Surface Energy
Dry Run Characterization (sample analysis before and
after exposure in chamber with beam off)
In Situ Characterization

Mechanical:	 Stress/Strain

Optical:	 Reflectance; Transmittance; Emittance

Logistics:

Common Source of Well Characterized Materials
Data Collection and Distribution
Participant List

Logistics were briefly discussed and participants were informed that
these subjects would be covered in the closed NASA session.
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NASA CLOSED SESSION ON ATOMIC OXYGEN EFFECTS TEST PROGRAM

Chairman: Michael Greenfield (NASA Headquarters)
Co-Chairman: Bruce Banks (NASA LeRC)

At the conclusion of the open session the closed session was started
to determine the logistics for carrying out the test program. The
participants were limited to NASA and JPL employees only. Bruce
Banks was asked by Michael Greenfield to coordinate the test
program.

MATERIALS:

Based on the voting in the open session it was decided by general
consensus to choose four of the top ranked materials on the list for
testing. The four materials chosen were Kapton, FEP, Polyethylene,
and Carbon Single Crystal. Even though thin film carbon was the
number two material in the open session it was decided that the
carbon single crystal would yield more reliable information because
the carbon thin film would be much more variable in production. FEP
was chosen as a replacement for PTFE because there is more flight
data available for FEB.

How should the materials be supplied?

o As standard commercial materials tried in flight.

o As a special made material which is well characterized.

It was decided to go with commercial supplier and ask if they can
send a characterization sheet on the material. Whenever possible we
should try to obtain materials as similar as we can to those tested
on shuttle flights.

Test Samples

Kapton:	 2 mil, DuPont; make sure it is type H, ask for old
type H Kapton and not HN.

FEP:	 2 mil, DuPont.

Polyethylene:	 2 mil, low oxygen content

Graphite:	 Highly Oriented Pyrolytic Graphite suggested for
surface recession test.
Pyrolytic Graphite for weight loss.

EXPOSURE ENVIRONMENT DOCUMENTATION:

Should sample surface preparation be specified?

Panel decided to recommend a cleaning procedure that is optional for
the participants. Lubert Leger is going to draft a cleaning
procedure.
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This brought up the question of surface contamination by shipping of
the samples to the participants. Should the participants come to a
meeting and pick up their samples? General agreement was that it
would be much better to ship the samples. To test for contamination
it was suggested that a dummy set of samples be prepared and an ESCA
made of the surface then the package shipped round trip and analyzed
by ESCA when returned.

Packaging Considered: polyethylene; aluminum foil; or wrap the
polymer in layers of itself.

Should everyone be at the same fluence level as STS-8?

Consensus: Yes, there should be a standard suggested fluence level.
Preferably the same level as a well documented flight
experiment.

Participants should list the estimated uncertainty in all data
reported.

Participants should send the
environment documentation par
No facility will be excluded
parameters on the suggested
also. It was suggested that
made up for ashers.

data that they can obtain using the
-ameter list as a suggested guideline.
because it cannot measure all of the
parameter list. Ashers are welcome
a special operating parameter list be

It was also suggested that standardized units be used in reporting
all data and that these units be made known to the participants.

The list of exposure environment documentation developed in the open
session will be used.

SURFACE INTERACTION CHARACTERIZATION:

List all the tests in this category on a sheet and have them select
the ones they can do.

Add birefringence under optical properties.

Otherwise, the list obtained in the open session be used.

LOGISTICS:

Obtain a mailing list of the participants. Jim Visentine will
;update his facility list and a list of workshop attendees will be
,obtained. Send a form letter asking potential participants if they
would like to participate and if so, what size sample, and which of
the four materials they would like to test. Somewhere in one of the
letters it should also be stated that participants should not send
information that they would not want published.

.Should we have a peer review?
General Consensus: No
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We should meet as a NASA group or with participants to discuss
results and not to decide which facility is better®

When the letters to invite participation are sent out we should
specify a time requirement for response® We also should specify a
time from the participants' sample receipt date when they should
have sent the results from their tests® The possibility exists for
having results by the next workshop or having a 6 month progress
report.

Have participants retain their samples in case there is further
analysis required.

Participants should also keep track of the final date of sample
exposure in their facility in case further measurements need to be
performed at a later date.

A database may be set up later to compile the data if the response
is too large to handle manually.
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APPENDIX C

Program for NASA Workshop on Atomic Oxygen Effects

Monday, November 10, 1986

7:30am	 Registration, 3rd Floor Pasadena Center

OPENING SESSION
(Room 3160, Pasadena Center)

8:30am	 Welcome
Donald G. Rea
Jet Propulsion Laboratory

8:40am	 A Broad-based NASA Program on Atomic
Oxygen Effects
Michael Greenfield

NASA Headquarters

9:10am	 Technical Overview of the Atomic Oxygen
Problem
Amitava Gupta

Jet Propulsion Laboratory

SESSION I: SPACE FLIGHT EXPERIMENTS
Chairman:	 Darrell R. Tenny

NASA Langley Research Center

9:35am	 Effects of Low Earth Orbital Environment
Constituents on Spacecraft Surfaces

Lubert J. Leger
NASA Johnson Space Center

10:15am	 Material Interactions with the Low Earth
Orbital Environment: Accurate Reaction
Rate Measurements

James T. Visentine
NASA Johnson Space Center

10:35am	 Mass Spectrometers and Atomic Oxygen
Donald E. Hunton
Air Force Geophysics Laboratory

10:55am	 O-Atom/Surface Scattering Flight
Experiments
John C. Gregory

Univ. of Alabama - Huntsville
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11:25am	 LEO Surface Contamination and
Atomic Oxygen Flight Experiments

Carl R. Maag
Jet Propulsion Laboratory

SESSION IIA: ATOMIC OXYGEN INTERACTIONS:
MECHANISMS

Chairman:	 Amitava Gupta
Jet Propulsion Laboratory

1:30pm	 O°-Atom Degradation Mechanisms of Materials
Daniel R. Coulter
Jet Propulsion Laboratory

2:OOpm	 Kinetics and Mechanisms of Some Atomic
Oxygen Reactions

Ratimir J. Cvetanovic
National Research Council of Canada

2:30pm	 Product Vibrational States in the Reaction
of O-Atoms with CO and C on Pt

Bret L. Halpern
Yale University

3:OOpm	 The Role of Electronic Mechanisms in Surface
Erosion and Glow Phenomena

Richard F. Haglund, Jr.
Vanderbilt University

SESSION IIB: ATOMIC OXYGEN INTERACTIONS:
THEORY AND DIAGNOSTICS

Chairman:	 Vincent McKoy
California Institute of
Technology

3:35pm	 Potential Surfaces for Atomic Oxygen Reactions
Richard Jaffe

NASA Ames Research Center

4:05pm	 Dynamics of Atom-Surface Interactions
Stephen J. Sibener
University of Chicago

4:35pm	 Experimental REMPI Studies of Small Molecules
Joseph L. Dehmer

Argonne National Laboratory

5:OOpm	 SESSION III: POSTER SESSION
(Room 312C, Pasadena Center)
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Tuesday November 11, 1986

8:OOam	 Registration, 3rd Floor Pasadena Center

SESSION IV: ATOMIC OXYGEN SOURCE DEVELOPMENT
Chairman:	 R. C. Tennyson

University of Toronto

8:30am	 Laboratory Studies of Atomic Oxygen Reactions
with Solids

Graham S. Arnold
The Aerospace Corporation

9:OOam	 High Intensity 5eV Atomic Oxygen Source and
Low Earth Orbit Simulation Facility
Jon B. Cross

Los Alamos National Laboratory

9:30am	 A Sputtering Derived Atomic Oxygen Source
for Studying Fast Atom Reactions
Richard A. Ferrieri

Brookhaven National Laboratory

10:30am	 Neutral Atomic Oxygen Beam Produced by
Ion Charge Exchange for Low Earth Orbital
Simulation

Bruce A. Banks
NASA Lewis Research Center

11:OOam	 A High Flux Pulsed Source of Energetic
Atomic Oxygen

George E. Caledonia
Physical Sciences, Inc.

11:30am	 Production of Pulsed Atomic Oxygen Beams
via Laser Vaporization Methods

David E. Brinza
Jet Propulsion Laboratory

1:30pm	 SESSION V: OPEN PANEL DISCUSSION ON AN ATOMIC
OXYGEN EFFECTS TEST PROGRAM

Co-Chairmen: Michael Greenfield
NASA Headquarters

Bruce A. Banks
NASA Lewis Research Center

3:OOpm	 CLOSED DISCUSSION ON NASA ATOMIC OXYGEN EFFECTS
TEST PROGRAM (Special Invitation Only)
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APPENDIX D

List of Registered Attendees

ARNOLD, Graham S.
Aerospace Corporation
M2-271
P.O. Box 92957
Los Angeles, CA 90009

(213) 647-1935

BANKS, Bruce A.
Lewis Research Center
21000 Brookpark Rd.
Cleveland, OH 44135

(216) 433-2308
(FTS) 297-2308

BOUNDY, Robert A.
Jet Propulsion Laboratory
MS 157-316
4800 Oak Grove Drive
Pasadena, CA 91109

(818) 354-4299
(FTS) 792-4299

BOURASSA, Roger J.
Boeing Aerospace Company
P. O. Box 3999
Seattle, WA 98124-2499

(206) 773-7939

BARENGOLTZ, Jack B.
Jet Propulsion Laboratory
MS 157-507
4800 Oak Grove Drive
Pasadena, CA 91109

(818) 354-2516
(FTS) 792-2516

BRINZA, David E.
Jet Propulsion Laboratory
MS 67-201
4800 Oak Grove Drive
Pasadena, CA 91109

(818) 354-6836
(FTS) 792-6836

BAUER, Jerome	 CALEDONIA, George E.
Jet Propulsion Laboratory	 Physical Sciences, Inc.
MS 157-507
	

Research Park
4800 Oak Grove Drive	 P. O. Box 3100
Pasadena, CA 91109
	

Andover, MA 01810

(818) 354-3726
	

(617) 475-9030
(FTS) 792-3726

BOMKAMP, Daryl H.
Argonne National Laboratory
9700 S. Cass Avenue
Argonne, IL 60439

(312) 972-5975
(FTS) 972-5975

CARDON, Bartley L.
Massachusetts Institute

of Technology
MIT/LL KB-226
P. O. Box 73
Lexington, MA 02173-0073

(617) 863-5500 x2994
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CARRUTH, Melvin Ralph, Jr. 	 CROSS, Jon B.
NASA Marshall Space Flight Center 	 Los Alamos National
EH 12	 Laboratory
Marshall Space Flight Center, AL	 CLS-2, MSG738

35810	 Los Alamos, NM 82545

(205) 544-7647	 (505) 667-0511
(FTS) 824-7647

CVETANOVIC, R. J.
CHINN, Steven D.	 National Bureau of
Science & Engineering Assoc., Inc. 	 Standards
6535 South Dayton St., Suite 2100	 Chemical Kinetics Data
Englewood, CO 80111	 Center

222-A147
(303) 790-1572	 Gaithersburg, MD	 20899

(301)921-2174

CHUTJIAN'Ara
Jet Propulsion Laboratory
MS 183-601	 DAECH, Alfred F.
4800 Oak Grove Dr. 	 Martin Marietta
Pasadena, CA 91109	 13800 Old Gentilly Rd.

New Orleans, LA 70124
(818) 354-7012
(FTS) 792-7012	 (504) 255-3617

CORMIA, Robert Douglas 	 DEHMER, Joseph L.
Surface Science Labs	 Argonne National Laboratory
206 Charleston Ave. 	 Environmental Research Div.
Mountain View, CA 94043 	 9700 S. Cass Avenue

Argonne, IL 60439
(415) 962-8767

(312) 972-4194
(FTS) 972-4194

COTTRELL, Fred D.
TRW
One Space Park, 01/2210	 DIXIT, Sham N.
Redondo Beach, CA 90278	 Lawrence Livermore Lab

Livermore, CA 94550
(213) 535-2706

EVANS, Robin W.
COULTER, Daniel R. 	 Jet.Propulsion Laboratory
Jet Propulsion Laboratory	 Syscon - JPL
MS 67-201	 2550 Honolulu Ave. #201
4800 Oak Grove Drive	 Montrose, CA 91020
Pasadena, CA 91109

(818) 249-5252
(818) 354-3638'
(FTS) 792-3638

190



FERRIERI, Richard A.
Brookhaven National Laboratory
Department of Chemistry
Upton, NY 11973

(51'6) 282-4391
(FTS) 666-4391

FEWELL, Larry L.
NASA Ames Research Center
Moffett Field, CA 94035

(415) 694-5128
(FTS) 464 5128

GARVEY, Raymond E., III
Martin Marietta Energy

Systems, Inc.
P. O. Box P, Mail Stop 294
Oak Ridge, TN 37922

(615) 574-9803
(FTS) 924-9803

GILLEN, Keith T.
SRI International
333 Ravenswood Ave.
Menlo Park, CA 94025

(415) 859-3250

FOLTZ, Greg W.
Sandia National Laboratories
P. O. Box 969
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