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Spacecraft Interaction with Atmospheric Species
in Low Earth Orbit
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Spacecraft interaction with ambient atmospheric species (O, NI, O+, and electrons) in low Earth orbit involves
collisions at high energies, giving rise to such complex phenomena as the shuttle glow, plume-atmosphere inter-
actions, and plasma modifications. A survey of these and other effects is presented, and conclusions are drawn
about possible ambiguities in interpretation of present data. For example, a suggestion is made that ions may play
a role in the Shuttle glow phenomenon. Lack of data on the accommodation (in terms of energy and in terms
of adsorption and subsequent reactions) of atmospheric species, such as O and NI, on amorphous surfaces at
hyperthermal energies is a distinct handicap in the development of appropriate numerical codes for predicting the
effects of spacecraft interactions.

Introduction

THE atmosphere in low Earth orbit (LEO, 200-700-km attitude)
consists primarily of neutral O and N2 and of O+ and electrons.

At an altitude of 300 km the densities of the atmospheric constituents
are1 [O] ~ 108 cm~3, [N2] - 2 x 107 cnr3, [O+] - [e] -105 cnr3.
Although the neutral density is considerably greater than the plasma
density, it should be kept in mind that ion-neutral reactions have rate
coefficients that are 100-1000 times greater than neutral-neutral re-
actions. Thus, under some circumstances ion-neutral reactions may
become as important as the neutral-neutral reactions. Likewise, ion-
surface reactions may play an important role in surface effects, even
though the densities are low.

These atmospheric constituents collide with the spacecraft and its
local gaseous atmosphere at orbital velocity, leading to two major
types of interaction: gas-phase reactions and gas-surface reactions.
Figure 1 provides an illustration of these interactions. The gas-phase
reactions may be further broken down into a neutral component and
a plasma component, and the gas-surface reactions may be broken
into several components: surface-catalyzed reactions, surface neu-
tralization of ions, chemical reactions with surfaces, and inelastic
collisions. Because of their strong connection with surface charging
phenomena,2 we will not discuss ion-surface collisions; reference
is made to two recent comprehensive reviews.3'4 Likewise, inelastic
collisions between the atmosphere and surfaces represent a very
specialized topic intimately connected with atmospheric density
measurements. Readers are referred to well-established reviews.5'9
The aim of this review is to present a concise summary of work
on spacecraft-atmosphere interactions, to present, when possible,
ideas about the implications of the results, and to suggest work that
needs to be done still. Gas-phase reactions will be considered first,
followed by gas-surface interactions.

Gas-Phase Interactions
A dramatic indication of the transition from the dense local atmo-

sphere of a spacecraft to the ambient atmosphere is shown in Fig. 2,
which presents pressure-gauge data obtained on STS-39. The pres-
sure gauge was located on a free-flying satellite, which was in the
bay at the beginning of the flight. The free-flyer was then lifted by
the shuttle's arm and extended to about 20-m distance from the bay
with the pressure gauge facing in the ram; later the arm was rotated
so that the pressure gauge was facing the wake of the shuttle. The
pressure-gauge reading while the free-flyer is in the bay is approx-
imately 1.5 x 10~6 torr (almost 100 times the ambient pressure).

Received April 17, 1995; revision received Sept. 4, 1995; accepted for
publication Sept. 6,1995. This paper is declared a work of the U.S. Govern-
ment and is not subject to copyright protection in the United States.

* Research Chemist, Spacecraft Interactions Branch, 29 Randolph Road.
Senior Member AIAA.

When the arm is extended, the pressure reading drops by a factor of
almost 10, and with the pressure gauge facing the wake, the pressure
reading is below the sensitivity of the gauge.10

In the following discussion, reactions of the ambient atmosphere
with the spacecraft atmosphere will be divided into two sections: re-
actions with engine exhaust and reactions with outgassed molecules.
The reason for this division is that the engine plumes have some
directional properties (velocity & 3.5 km/s), whereas outgassed
molecules (principally water) are isotropically distributed and gen-
erally have thermal velocities characteristic of the surface tempera-
ture (at 220 K, the most probable velocity for H2O is 0.45 km s'1).
It is generally assumed that the orbital velocity is equivalent to the
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Fig. 1 Schematic presentation of a spacecraft and its surrounding
atmosphere.
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Fig. 2 Pressure-gauge data obtained on STS-39. The pressure was
measured in the Space Shuttle bay at the start of lift of free-flyers,
when the arm was stretched to its full length, and finally with the pres-
sure gauge facing the wake direction. Also shown are pressure pulses
because of engine firings.
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Table 1 Energetics of atmosphere-spacecraft gas collisions8

Ram Perpendicular Wake
Speed, km/s Ec.m., eV Speed, km/s £c.m., eV Speed, km/s Ec.m., eV

Plume-atmosphere
Outgas-atmosphere

10.76
7.71

5.08
2.61

8.06
7.27

2.85
2.32

3.83
6.88

0.64
2.08

aAssume that the spacecraft gas under discussion is HiO and that the atmospheric gas is O
MI = (molecular weight of H^O) = 18; mi = (molecular weight of O) = 16
IJL = reduced mass = (l/Mt + l/M2rl = 8.47
Collision energy = center-of-mass energy Ec.m. = \it(v\ - VL?
Orbital velocity at 300-km altitude = 7.726 km/s
Rotation velocity of the atmosphere = 470 m/s
Velocity of atmospheric species with respect to spacecraft = v% = 7.256 km/s
Two scenarios: collision of atmospheric O with plume H2O and with outgassed H2O
vi = (velocity of plume H^O) = 3.5 km/s; velocity of outgassed H2O (assuming surface temperature 220 K) = 0.45 km/s.

impact velocity of atmospheric species on the surfaces of the space-
craft. This assumption is, in fact, not exact, because the atmosphere
rotates with respect to the Earth, and hence a correction for this ef-
fect has to be applied.11 A spacecraft orbiting the Earth at 300-km.
altitude in a circular orbit has a velocity of 7.726 km/s with respect
to Earth (see Brown12 for a discussion of this issue). The corotation
of the atmosphere requires a correction of « 0.47 km/s (the exact
correction depends on the latitude, as discussed by King-Hele11),
leading to a collision velocity of 7.256 km/s. For an O atom col-
liding with the surface, this leads to a collision energy of 4.37 eV.
Table 1 presents a summary of the kinematics of these interactions
after correction for the corotation of the atmosphere.

Reactions with Spacecraft Exhaust (Plume)
Most spacecraft in LEO maneuver and maintain altitude and atti-

tude by the use of thrusters, which generally utilize hydrazine-based
fuels. The combustion products collide with the atmosphere at high
altitude and thus generate a complex chemical mixture. The energy
available in the collision of the atmosphere with the plume prod-
ucts can be quite large and variable (depending on the angle of
attack, as illustrated in Table 1). An enormous amount of informa-
tion is available on plume phenomenology, since it is a subject that
has many applications, such as contamination effects, surveillance,
and tracking. For the case of the Space Shuttle, there are a num-
ber of measurements of the composition of the local atmosphere
when thrusters are fired.13"15 This paper will focus on those aspects
of plume-atmosphere reactions that cause optical contamination in
the vicinity of the spacecraft.

As the understanding of the effects of spacecraft contamination
increased, it became important to develop a database and a pre-
dictive code. One of the earliest attempts at the development of a
numerical prediction model came in the form of a fluid-dynamics
model, CONTAM; in this model the combustion products formed
in the chamber were calculated, allowing for incomplete combus-
tion because of chamber design (nozzle shapes, etc.). The Shuttle
nozzle, which had a wide angular spread, led to contaminant con-
tours that themselves were widely spread. As a result, CONTAM
was able to predict the deposition of contaminants on surfaces,
even though the deposition occurred in a region where fluid flow
was not applicable.16 This early work showed that as a result of
the incomplete combustion dangerous contaminants, including fuel
droplets, are deposited on nearby surfaces. The predictions of the
CONTAM code were verified by detailed experimental measure-
ments in a vacuum chamber using a scaled-down motor.16 Along
with these measurements, the plasma diagnostic package (PDF) sen-
sor suite (wavemeter, retarding potential analyzer, mass spectrom-
eter, Langmuir probe) has provided valuable data on the exhaust
from the Space Shuttle thrusters and on its modification of the local
environment (contamination and disruption of the electromagnetic
environment of the Space Shuttle).17"20 For example, equilibrium
calculations of thruster plume composition predict16 that «95% of
the exhaust consists of H2O, N2, H2, CO, and CO2. In contrast, the
measurements show that there is a substantial amount of unburnt
fuel and other condensable species, such as monomethyl hydrazine
nitrate and hydrazine.16

More recently, a direct simulation Monte Carlo code, SOCRATES,
has been developed for calculating the return flux and the optical
background resulting from the interaction of the exhaust with the

atmosphere.21 It was found in this work that emission at 2.7 /xm from
the reaction Oatm + H2Oexhaust -* H2O* + O can extend up to 3 km
from the point of origin for a VRCS engine firing in the ram direction
at an altitude of 200 km. Similarly strong, but more confined spa-
tially, emission in the ultraviolet was predicted at 306.4 nm [because
of the transition OH(A) -> OH(X)] and subsequently confirmed by
spaceborne observations.22 Strong, extended optical emission (at
A = 630 nm) has also been observed using ground-based sensors.23

This emission was found to depend on the angle of attack and to
extend several kilometers from the point of origin. Its cause, col-
lisional excitation of atmospheric O(3F) to the O^D) state, was
correctly modeled by SOCRATES.

There has been some speculation that the interaction of the engine
exhaust with the atmosphere may be strongly affected by minor
constituents, such as HCN and C2H2. Laboratory data suggest that
such reactions are very efficient in generating excited molecular
radiation in the near uv region of the spectrum.24'25

Interactions with Outgassed Species
Spacecraft surfaces are a source of thermal molecules in the space-

craft environment for two reasons: outgassing and desorption of de-
posited chemicals (such as from thrusters). The principal outgassed
species is water, and it undergoes reactions with the atmosphere
either on the surface or in the gas phase very close to the surface. The
surface temperature varies between 200 K (night) and 350 K (day).
Thus the surfaces provide a stable gaseous envelope for the space-
craft. The infrared telescope (IRT) flown on STS-5 observed26'27

large signals at 2.7 /xm, which were recently interpreted as being
due to impact of hyperthermal atmospheric O atoms on outgassed
water.28 Similarly, the CIRRIS-1A instrument, flown on STS-39,
measured29 relatively high signals at 6.3 ju,m; these signals were
attributed to collisional excitation of vibrational modes of H2O by
atmospheric O and N2 molecules. A phenomenological cross section
for this reaction has been derived from the space data,28 the derived
cross sections being 6.5 x 10"18,1 x 1017, and 6.6 x 10~16 cm2 for
excitation of the v>ooi, VIGO, and VQIO vibrational modes of H2O. The
analysis of the IRT data also led to the conclusion that charge ex-
change between O+ and outgassed H2O may play a significant role
in the emission in the daytime emission in the 1.7-3.0-//,m region.28

Plasma Effects
Even though the ion (mostly O+) density (typically 105 cm"3) is

considerably lower than the neutral densities (typically 108 cm"3),
ion-molecule reactions play an important part in the composition of
the local spacecraft atmosphere. Some aspects of plasma-spacecraft
interactions—particularly as these interactions affect spacecraft
charging and the operation of large spacecraft in LEO—have re-
cently been reviewed by Hastings.30 The importance of ionic ef-
fects is illustrated by the presence in the local atmosphere of the
Space Shuttle of large quantities of H2O+ and HsO+ ions, which
are not present in the normal atmosphere at 300 km.31"33 Such ions
clearly arise from charge-exchange reactions between ambient O+

and outgassed H2O, followed by reactions of the productions:

0+ + H2O -> H20+ + O

H20+ + H20 -^> H30+ + OH

(1)

(2)
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Since both H2O and H2O+ have thermal velocities (the former is de-
sorbed at near-thermal surface temperature, and the latter is formed
mostly at rest), the appropriate value of fc2 is about34 3 x 10~9cm3

molecule"1 s"1. Beyond this qualitative picture, it is somewhat dif-
ficult to achieve a quantitative analysis because of a number of fac-
tors that play a part in the ion-neutral phenomenology, as discussed
elsewhere.34 In the early analysis35 densities for neutral H2O were
inferred from the ratio of O+ to H2O+ in the shuttle environment.
Later it was pointed out that the substantial energy dependence of
the cross section for Eq. (2) meant that the measured density of
H3O+ would depend on the relative velocities, i.e., the H2O+ ve-
locity distribution.34-36 The scenario is, in fact, even more complex
because of the effects of the Earth's magnetic field and associated
electric fields.37'38 There has also been some speculation that an
additional source of ionization (besides photoionization and charge
exchange) has to be found to explain the large enhancements in
plasma densities observed sometimes.39'40 Surface charges compli-
cate the situation further in two ways: 1) the movement of ions will
not be represented by straight-line trajectories, meaning that the path
length will be lengthened, and 2) the kinetic energy of the primary
ion will be modified, so that the appropriate rate constants may be
those at energies falling between thermal and hyperthermal kinetic
energies.34'36

In addition to ion-neutral reactions between outgassed H2O and
ambient O+, thruster firings generate other complex species, which
affect the total ionized atmosphere of large space platforms. For
example, in the study by Hunton and Machuzak40 large amounts
of Nj, not attributable to charge-exchange reaction with ambient
O+, were observed, leading the authors to conclude that an electron
impact mechanism might be operative. As discussed in a previ-
ous section, minor constituents in the exhaust of engines may play
a major role in the gaseous environment of large space structures in
LEO. Recent laboratory measurements of the cross section of O+

with a possible minor constituent, HCN, show that this can indeed
be true. A hyperthermal total reaction cross section of ̂ 4 x 10~15

cm2 has been measured.41 This cross section is equivalent to a rate
coefficient of ̂ 3 x 10~9 cm3 molecule"1 s"1 for a ram burn.

If the ion density is very high, then ion neutralization may also
be important. Two types of ion-neutralization reactions will be con-
sidered: electron-ion recombination in the gas phase, and ion neu-
tralization on surfaces. Atomic ions (such as O+) undergo two-body
electron-ion recombination with a rate coefficient of &3 x 10~12 cm3

molecule s~l. By contrast, molecular ions dissociatively recom-
bine with electrons with a typical rate coefficient42 of « 10~7 cm3

molecule s"1. Thus, for the reaction

H2O+ + e —^» products (3)

where43 *3 ='3 x Kr7cm3 molecule S"1 at T = 300 K, the time
constant for reaction with .electrons, 13, is given by I/fete]). For
[e] = 105 cm"3, TS turns out to be «33"s. On the other hand, for
the case of the Space Shuttle, the reaction (2) has r2~0.1 s if
[H2O] = 1010cm~3, as derived by Caledonia et al.,35 suggesting
that neutralization of H2O+ is unimportant. For spacecraft in LEO
for long periods, it may be that outgassing is so reduced that [H2O] is
diminished by a factor of 100 or more. Under that circumstance, ion-
electron neutralization would become an efficient competitor with
ion-neutral reactions. The net effect is that the depletion of electrons
and ions in the extended vicinity of a spacecraft in LEO would lead
to a modification of the plasma signature. A clear indication of neu-
tralization was shown by experiments where Shuttle OMS engines
were fired over the Millstone observatory.44 An ionospheric bubble,
depleted of electrons because of their recombination with molecular
ions, was observed. In addition, emission from O(l D\ a product of
neutralization, was observed for several hundred kilometers. As will
be discussed in the next section, H2O+ may play an important role
in the daytime infrared (IR) signals in the vicinity of spacecraft.

The other type of ion neutralization that has been mentioned in
connection with spacecraft in LEO is surface neutralization. Be-
cause of the large energies released in neutralizations (since ioniza-
tion potentials are generally greater than 10 eV), there is opportunity
for surface modification as well as for decomposition of molecular

ions.45 Low-energy scattering from clean and well-characterized
single-crystal surfaces shows that a significant portion of the incident
molecular ions are scattered from the surfaces without being neu-
tralized or decomposed.3'45 Ion-surface neutralization is affected by
spacecraft charging, a subject that is beyond the scope of this survey
(see, for example, a review on the subject of spacecraft charging by
Garrett46).

Finally, electron impact ionization is worth mentioning briefly.
Normally, in the LEO environment, electron impact ionization of
the spacecraft atmosphere is unimportant. However, under special
circumstances, the electrons of the atmosphere can be heated beyond
the ionization potentials of some neutral molecules. For example,
if the critical ionization velocity (CIV) phenomenon turns out to
be valid, then electron impact ionization is implicitly involved in
discharge formation. The CIV theory, postulated by Alfven47 to ex-
plain the formation of the solar system, proposes that neutral species
traversing a weakly magnetized plasma at a velocity such that their
kinetic energy is greater than their ionization potential are spon-
taneously ionized. Since it was first postulated, much theoretical
work has been done to understand the basis of this theory. It is now
thought that the injection of a fast neutral beam into a weakly mag-
netized plasma sets up disturbances that in turn generate waves that
heat up the electrons on a very fast time scale.48"52 The principal
path for ionization is then electron impact. The evidence for CIV
is controversial, and it remains to be shown whether the theory is
applicable to conditions prevalent in the ionosphere.

Surface Effects
The aim of this discussion is not to present a tutorial on the subject

of surface interactions; rather it is to present a concise summary of
those aspects of surface chemistry which are important to the under-
standing of the interaction of the LEO environment with spacecraft.
Two limits of interaction are as follows: 1) the gas species is reflected
elastically from the surface, or 2) the gas species is accommodated
completely (i.e., the surface acts as a system of coupled oscillators)
and sticks to the surface. Reference is made to standard monographs
on surface chemistry and surface physics for more basic discussion
of the topic.53"56

Surface Erosion
Since a spacecraft in LEO travels at a velocity of ^1.3 km/s with

respect to the Earth's atmosphere, the collisions of the atmospheric
constituents with spacecraft are very energetic: O and O+ collide
with surfaces at an energy of ^4.4 eV, and N2 does so at an en-
ergy of &1.6 eV. Such collisions are energetic enough that they
may overcome reaction barriers, leading to surface modification or
degradation.57-58 An example of such interactions is the quick oxida-
tion of silver films59 and the removal of osmium films in LEO.60 On
the ground osmium is relatively inert at room temperature, oxidiz-
ing very slowly with the release of gaseous OsO4. In LEO osmium
is oxidized and removed very quickly.60 Pioneering work by Leger
and his co-workers61 has shown that some of the earlier designs for
the Space Station would suffer from structural weaknesses because
of exposure to atomic oxygen during the expected 30-year life. A
physical sputtering model for the removal of material in LEO has
been suggested,62 although confirming data are not presently avail-
able. The surfaces of some protective coatings, when exposed to
LEO environment, change from being smooth to being corduroy-63

or carpetlike,64 thus making a detailed treatment of the observa-
tions somewhat difficult. Some surfaces have shown the formation
of cones, suggesting that the velocity vector of the bombarding
species plays an important role in the surface modification.65 A
treasure trove of space data related to surface interactions was ob-
tained by the Long Duration Exposure Facility (LDEF), a mission
whose lifetime in space was extended from six months to almost
six years because of the Challenger disaster. The mission obtained
long-term information on the effects of the space environment on
thousands of materials. A summary of the observations is readily
available,66 although it should be kept in mind that analysis of the
data is ongoing.

Further complicating the interpretation of space data is the diffi-
culty in separating the effects of ionic and neutral species. In one
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experiment, Visintine et al.64 placed a retarding grid over a sample
plate and observed that the recision rate of the sample was the same
as that of a similar plate where the retarding grid was held at 0-V
potential. Thus the conclusion is drawn that removal of surfaces
material is not due to charged particles. However, the experiment
did not determine whether the surface modification is the same for
ionic and neutral particles.

Surface-Catalyzed Recombination
This topic nowadays refers primarily, but not only, to the Shuttle

glow phenomenon. Briefly, it was observed on the earliest Space
Shuttle flights that the surfaces facing the ram direction had a visible
glow extending perhaps about 15 cm from the surface.67'70 This
phenomenon is now known to be primarily due to emission from
NC>2 formed by the surface recombination of atmospheric O and
adsorbed NO.71"73 The current understanding of the phenomenon
is that NO is deposited on spacecraft surfaces; O atoms from the
ramming atmosphere then collide with the NO to form NOa, which
is electronically excited. This desorbed NO^ has a velocity that
is normal to the surface, so that it escapes and radiates within a
characteristic lifetime74 of 0.3-1.3 ms. The Shuttle glow spectra
that have been obtained so far show a continuum that is shaded to
the blue75 in comparison with the O + NO recombination spectrum
obtained in laboratory studies.76 Recently, an observation has been
reported in the IR, suggesting that NO2(v) is present in the Shuttle
glow.77 All the explanations for the Shuttle glow phenomenon have
centered on the surface-catalyzed neutral reactions. It is possible
that ionic reactions, for example, O+ + NOadsorbed. may also play
a role. In this case the product would be NCXJ". Recent theoretical
studies78 suggest that the vibrational frequencies of NOj are similar
to those of NOi. The electronic spectrum of NOj is likely similar to
that of CO2, and would thus be expected to be present in the vacuum
ultraviolet, near79 200 nm. Interestingly, a recent report suggests that
there is indeed a component to the Shuttle glow in that region of the
spectrum.80

Prior to the discovery of the Shuttle glow phenomenon, it was
realized that surface-catalyzed reactions play a determining role in
the mass-spectrometric measurements of atmospheric composition.
Such measurements aboard satellites often show the products of re-
combination, rather than the nascent species. For example, the mass
spectrometer aboard the DE-2 satellite indicated a large amount of
O2, where O atoms are expected.81 The observation of O-atom re-
combination on spaceborne mass-spectrometer surfaces raises the
question of whether there can be a component in the Shuttle glow
spectrum because of O^ emission. For that to happen it would be
necessary that O atoms be adsorbed on the surface so that they
might be picked up by an incoming, fast, atmospheric O atom. Two
potential mechanisms for that exist:

1) Exhaust from engines contains some O atoms that have ve-
locities considerably less than the orbital velocity; thus they can be
scattered and stick on the surfaces.

2) Another possibility is that an atmospheric O atom collides with
the shuttle surfaces and accommodates immediately (i.e., it adsorbs
on the surface), thereby becoming a target for an incoming O atom.
Normally accommodation would require several collisions. How-
ever, shuttle tile surfaces may be thought of as composed of coupled
vibrators or springs, which are able to absorb a large amount of en-
ergy upon impact by incoming atmospheric species (this because
the tiles are basically composed of silica tubes fused together to
provide thermal protection with least mass).

Conclusions
The objective of this review has been to present a summary of

work in an area of research that is likely to become more impor-
tant as spaceborne platforms acquire increased importance in the
fulfillment of national needs. Clearly the most important outcome
for these studies is the development of numerical models that can
provide reliable predictions of the outcome of particular operations
in space. In that connection, deficiencies in understanding the role
of ionization and ionic process in space, lack of information about
the accommodation of gases and radicals on noncrystalline surfaces
(such the shuttle tiles) and about ion neutralization on semiconductor

amorphous surfaces, and the difficulty in making controlled studies
of the effect of surface charging on ion densities and composition
will hamper the development of a numerical model that integrates
molecular processes, plasma phenomena, and charging phenomena.

Acknowledgments
I thank the U.S. Air Force Office of Scientific Research for sup-

port of this work under Task 2303EP2.1 also thank R. A. Dressier,
B. D. Green, and S. T. Lai for helpful discussions and R. A. Viereck
for the pressure-gauge data. Finally, I wish to thank one of the re-
viewers for pointing out the importance of including the effects
of the corotation of the atmosphere on the collision kinematics in
the spacecraft environment. A slightly different version of this pa-
per was presented at the AIAA 33rd Aerospace Sciences Meeting,
Reno, NV, Jan. 9-12, 1995.

References
1 Jursa, A. (ed.), U.S. Standard Atmosphere, U.S. Government Printing

Office, Washington, DC, 1976.
2Hanson, W. B., and Cragin, B. L., "The Case of the Noisy Derivatives—

Evidence for a Spacecraft-Plasma Interaction," Journal of Geophysical Re-
search, Vol. 86, No, 12,1994, pp. 10,022-10,028.

3Murata, Y, "Interaction of Very Low-Energy Molecular Ions with Metal
Surfaces," Unimolecular and Bimolecular Reaction Dynamics, edited by
C. Y. Ng, T. Baer, and I. Powis, 1st ed., Wiley, Surrey, England, UK, 1994,
pp. 427-474.

4Heiland, W., "The Interaction of Molecular Ions with Surfaces," Low
Energy Ion-Surface Interactions, edited by J. W. Rabalais, 1st ed., Wiley,
New York, 1994, pp. 313-354

5Harris, J., "Mechanical Energy Transfer in Particle-Surface Colli-
sions," Dynamics of Gas-Surface Interactions, edited by C. T. Rettner and
M. N. R. Ashfold, 1st ed., Royal Society of Chemistry, Cambridge, England,
UK, 1991, pp. 1-45.

6Moe, M. M., and Moe, K., "The Roles of Kinetic Theory and Gas-
Surface Interactions in Measurements of Upper Atmosphere Density," Plan-
etary and Space Science, Vol. 17, No. 8,1969, pp. 917-922.

7Herrero, F. A., "Satellite Drag Coefficients and Upper Atmosphere Den-
sities: Present Status and Future Directions," Astrodynamics 1987, edited
by H. Jacobs, Vol. 65, Pt. 2, American Astronomical Society (Univelt), San
Diego, CA, 1987, pp. 1607-1621 (AAS Paper 87-551).

8Moe, M. M., Wallace, S. D., and Moe, K., "Refinements in Determining
Satellite Drag Coefficients: Method for Resolving Density Discrepancies,"
Journal of Guidance, Control, and Dynamics, Vol. 16, No. 3, 1993, pp.
441_445.

9Killeen, T. L., Burns, A. G., Johnson, R. M., and Marcos, F. A., "Mod-
eling and Prediction of Density Changes and Winds Affecting Spacecraft
Trajectories," Geophysical Monograph No. 73, edited by A. V. Jones, Amer-
ican Geophysical Union, Washington, DC, 1993, pp. 83-109.

10Denig, W, Viereck, R. A., and Bancroft, B., "Pressure Gauge Measure-
ments on STS-39 " TR (in preparation).

uKing-Hele, D., Theory of Satellite Orbits in an Atmosphere, Butter-
worth, London, 1964, pp. 18-26.

12Brown, C. D., Spacecraft Mission Design, AIAA Education Series,
AIAA, Washington, DC, 1992, pp. 5-8.

13Wulf, E., and von Zahn, U, "The Shuttle Environment: Effects of
Thruster Firings on Gas Density and Composition in the Payload Bay,"
Journal of Geophysical Research, Vol. 91, No. 3,1986,,pp. 3270-3278.

14von Zahn, U., and Murad, E., "Nitrogen Dioxide Emitted from
Space Shuttle Surfaces and Shuttle Glow," Nature, Vol. 321, May 1986,
pp. 147,148.

15Hunton, D. E., "Thruster Firing Effects in the Shuttle Environment. I.
Neutral Gas Composition," Journal of Geophysical Research, Vol. 99, No. 3,
1994, pp. 3999-4009.

16Trinks, H., and Hoffman, R. J., "Experimental Investigation of Bipropel-
lant Exhaust Plume Flowfield, Heating, and Contamination and Comparison
with the CONTAM Computer Model Predictions," Spacecraft Contamina-
tion: Sources and Prevention, edited by J. A. Roux and T. D. McCay, AIAA,
New York, 1984, pp. 261-273.

17Pickett, J. S., Murphy, G. R., Kurth, W. S., Goertz, C. K., and
Shawhan, S. D., "Effects of Chemical Releases by the STS-3 Orbiter on
the Ionosphere," Journal of Geophysical Research, 1985, Vol. 90, No. 4,
pp. 3487-3497.

18Shawhan, S. D., Murphy, G. B., and Pickett, J. S., "Plasma Diagnostic
Package Initial Assessment of the Shuttle Orbiter Plasma Environment,"
Journal of Spacecraft and Rockets, Vol. 21, No. 4, 1984, pp. 387-391.

19Grebowsky, J. M., Taylor, H. A., Jr., Pharo, M. W., Ill, and Reese, N.,
"Thermal Ion Perturbation Observed in the Vicinity of the Space Shuttle,"
Planetary and Space Science, Vol. 35, No. 4, 1987, pp. 501-513.



MURAD 135

2{)Ehlers, H. K. E, "An Analysis of Return Flux from the Space Shuttle
Orbiter RCS Engines," AIAA Paper 84-0551, Jan. 1984.

21Elgin, J. B., Cooke, D. C, Tautz, M, and Murad, E., "Modeling of
Spacecraft Contamination. I. Flowfields and Methodology of SOCRATES,"
Journal of Geophysical Research, Vol. 95, No. 8,1990, pp. 12,197-12,208.

22Viereck, R. A., Murad, E., Knecht, D. J., Pike, C. P., Bernstein, L. S.,
Elgin, J. B., and Broadfoot, A. L., "The Interaction of the Atmosphere with
the Space Shuttle Thruster Plume: The NH (A-X) 336 nm Emission," Jour-
nal of Geophysical Research (to be published).

23Broadfoot, A. L., Anderson, E., Sherard, P., Chamberlain, J. W., Knecht,
D. J., Viereck, R. A., Pike, C. P., Murad, E., Elgin, J. B., Bernstein, L. S.,
Kofsky, I. L., Rail, D. L. A., and Culbertson, J., "Spectrographic Observa-
tional Wavelength Near 630 nm of the Interaction Between the Atmosphere
and the Space Shuttle Exhaust," Journal of Geophysical Research, Vol. 97,
No. 12, 1992, pp. 19,501-19,508.

24Orient, O. J., Chutjian, A., and Murad, E., "Observation of the CH
(A -VX), CN (B -> X), and NH (A -^ X) Emissions in Gas Phase Colli-
sions of Fast O(3 P) Atoms with Hydrazines," Journal of Chemical Physics,
Vol. 101, No. 10, 1994, pp. 8297-8301.

25Orient, O. J., Chutjian, A., and Murad, E., "Observation of CH A2 A -*
X2n, and B 2E -+ X 2FI, Emission in Gas-Phase Collisions of Fast
O(3P) Atoms with Acetylene," Physical Review A, Vol. 51, No. 3, 1995,
pp. 2094-2097.

26Koch, D. G., Fazio, G. G., Hoffmann, W., Melnick, G., Rieke, G.,
Simpson, J., Witteborn, F, and Young, F, "Infrared Observations of Con-
taminants from Shuttle Flight 51-F," Advances in Space Research, Vol. 7,
No. 5, 1987, pp. 211-220.

27Koch, D. G., Melnick, G. J., Fazio, G. G., Rieke, G. H., Low, F. J.,
Hoffman, W., Young, E. T, Urban, E. W., Simpson, J. P., Witteborn, F. C.,
Gautier, T. N., Ill, and Poteet, W, "Overview Measurements from the
Infrared Telescope on Spacelab 2," Astronomy Letters Communications,
Vol. 27, No. 3, 1988, pp. 211-222.

28Meyerott, R. E., Swenson, G. R., Schweitzer, E. L., and Koch, D. G.,
"Excitation of the Low-Lying Vibrational Levels of H2O by O(3 P) as Mea-
sured on Spacelab 2," Journal of Geophysical Research, Vol. 99, No. 9,1994,
pp. 17,559-17,575.

29Dean, D. A., Huppi, E. R., Smith D. R., Nadile, R. M., and Zhou,
D. M., "Space Shuttle Observations of Collisionally Excited Outgassed Wa-
ter Vapor," Geophysical Research Letters, Vol. 21, No. 7,1994, pp. 609-621.

30Hastings, D., "Review of Plasma Interactions with Spacecraft in Low
Earth Orbit," Journal of Geophysical Research, Vol. 100, No. 8, 1995,
pp. 14,457-14,483.

31Narcisi, R. S., Trzcinski, E., Federico, G., Wlodyka, L., and Delorey,
D., "The Gaseous and Plasma Environment Around Space Shuttle," AIAA
Paper 83-2659, Oct. 1983.

^2Grebowsky, J. M., Taylor, H. A., Jr., Pharo, M. W., Ill, and Reese, N.,
"Thermal Ion Complexities Observed Within the Spacelab 2 Bay," Planetary
and Space Science, Vol. 35, No. 12, 1987, pp. 1463-1469.

33Grebowsky, J. M., and Schaefer, A., "Ion Mass Spectrometer Measure-
ments from the Space Shuttle," Indian Journal of Radio and Space Physics,
Vol. 19, No. 4,1990, pp. 49-61.

34Dressler, R. A., Gardner, J. A., Cooke, D. C., and Murad, E., "Analysis
of Ion Densities in the Vicinity of Space Vehicles," Journal of Geophysical
Research, Vol. 96, No. 8, 1991, pp. 13,795-13,806.

35Caledonia, G. E., Person, J. C., and Hastings, D. E., "The Interpretation
of Space Shuttle Measurements of Ionic Species," Journal of Geophysical
Research, Vol. 92, No. 1, 1987, pp. 273-281.

36Dressler, R. A., and Murad, E., "Ion Chemistry in the Spacecraft En-
vironment," Current Topics in Ion Chemistry and Physics, Vol. 3, edited by
C. Y. Ng, T. Baer, and I. Powis, Wiley, New York, 1994, pp. 88-182.

37Hastings, D. E., Gatsonis, N. A., and Mogstad, T, "A Simple Model for
the Initial Phase of a Water Plasma Cloud About a Large Structure in Space,"
Journal of Geophysical Research, Vol. 93, No. 3, 1988, pp. 1961-1969.

38Hastings, D. E., and Gatsonis, N. A., "The Motion of Contaminant
Water Plasma Clouds About Large Active Space Structures," Journal of
Geophysical Research, Vol. 94, No. 4, 1989, pp. 3729-3742.

39Eccles, J. V, Raitt, W. J., and Banks, P. M., "A Numerical Model of
the Electrodynamics of Plasma Within the Contaminant Gas Cloud of the
Space Shuttle Orbiter at Low Earth Orbit," Journal of Geophysical Research,
Vol. 94, No. 7,1989, pp. 9049-9063.

40Hunton, D. E., and Machuzak, J. S., "Thruster Firing Effects in the
Shuttle Environment. I. Positive Ion Composition," Journal of Geophysical
Research, Vol. 99, No. 3, 1994, pp. 4011-4022.

41Bastian, M., Dressier, R. A., and Murad, E., "Cross Section for the
Reaction of O+ with HCN at Hyperthermal Energies," Faraday Transactions
(submitted for publication).

42Massey, H. S. W, "Atomic Collisions and the Lower Ionosphere at
Mid-Latitudes," Applied Atomic Collision Physics, Vol. 1, edited by H. S. W.
Massey and D. R. Bates, Academic, New York, 1982, p. 105.

43Mitchell, J. B. A., "Dissociative Recombination of Molecular Ions "
Physics Reports, Vol. 186, No. 5, 1990, pp. 215-248.

44Mendillo, M., Baumgartner, J., Alien, P. D., Foster, J., Holt, J., Ellis,
G. R. A., Klekociuk, A., and Reber, G., "Spacelab-2 Plasma Depletion Exper-
iment for Ionospheric and Radio Astronomical Studies," Science, Vol. 238,
No. 4831, 1987, pp. 1260-1264.

45Kasi, S. R., Kang, H., Sass, C. S., and Rabalais, R. H., "Inelastic Pro-
cesses in Low-Energy Ion-Surface Collisions," Surface Science Reports,
Vol. 10, No. 1/2, 1989, pp. 1-104.

46Garrett, H. B., "The Charging of Spacecraft Surfaces," Handbook of
Geophysics and the Space Environment, edited by A. S. Jursa, National
Technical Information Service, Springfield, VA, 1985, pp. 7-1-7-37.

47Alfven, H., On the Origin of the Solar System, 1st ed., Oxford Univ.
Press, Oxford, England, UK, 1954, pp. 45-50.

48Papadopoulos, K., "On the Shuttle Glow (The Plasma Alternative),"
Radio Science, Vol. 19, No. 2,1984, pp. 571-577.

49Lai, S., Denig, W. F., Murad, E., and McNeil, W. J., "The Role of Plasma
Processes in the Space Shuttle Environment," Planetary and Space Science,
Vol. 36, No. 8, 1988, pp. 841-849.

50Lai, S. T., Murad, E., and McNeil, W. J., "An Overview of Atomic and
Molecular Processes in Critical Velocity lonization," IEEE Transactions on
Plasma Science, Vol. 17, No. 2, pp. 124-134.

51Brenning, N., "Review of the CIV Phenomenon," Space Science Re-
views, Vol. 59, No. 2,1992, pp. 209-314.

52Biasca, R., Hastings, D., and Cooke, D., "Simulations of the Critical
lonization Velocity: Effect of Using Physically Correct Mass Ratios," Jour-
nal of Geophysical Research, Vol. 97, No. A5,1992, pp. 6451-6465.

53Prutton, M., Surface Physics, 2nd ed., Clarendon, Oxford, England,
UK, 1983.

54Gasser, R. P. H., An Introduction to Chemisorption and Catalysis by
Metals, Clarendon, Oxford, England, UK, 1985.

55March, N. H., Chemical Bonds Outside Metal Surfaces, Plenum, New
York, 1986.

56Zangwill, A., Physics at Surfaces, Cambridge Univ. Press, Cambridge,
England, UK, 1988.

57Murad, E., "Spacecraft Interactions as Influenced by Thermochemical
Considerations," Journal of Spacecraft and Rockets, Vol. 26, No. 3, 1989,
pp. 145-150.

58Green, B. D., and Murad, E., "The Shuttle Glow as an Indicator of
Material Changes in Space," Planetary and Space Science, 1986, Vol. 34,
No. 2, pp. 219-224.

59Peters, P. N., Linton, R. C., and Miller, E. R., "Results of Apparent
Atomic Oxygen Reactions on Ag, C, and Os Exposed During the Shut-
tle STS-4 Orbits," Geophysical Research Letters, Vol. 10, No. 7, 1983,
pp. 569-571.

60Peters, P. N., Gregory, J. C., and Swann, J., "Effects on Optical Systems
from Interactions with Oxygen Atoms in Low Earth Orbit," Applied Optics,
Vol. 25, No. 8,1986, pp. 1290-1298.

61Leger, L. J., and Visentine, J. T., "A Consideration of Atomic Oxygen
Interactions with the Space Station," Journal of Spacecraft and Rockets,
Vol. 23, No. 5,1986, pp. 505-511.

62Laher, R. R., and Megill, L. R., "Ablation of Materials in the Low-Earth-
Orbital Environment," Planetary and Space Science, Vol. 36, No. 12,1988,
pp. 1497-1508.

63Whitaker, A. F., Burka, J. A., Coston, J. E., Dalins, I., Little, S. A.,
and DeHaye, R. R, "Protective Coatings for Atomic Oxygen Susceptible
Spacecraft Materials—STS-41G Results," in "Atomic Oxygen Effects Mea-
surements for Shuttle Missions STS-8 and 41-G," NASA TM 100459,1988,
pp. 8-1-8-8.

64Visintine, J. T, Leger, L. J., Kuminecz, J. F., and Spiker, I. K., "STS-8
Atomic Oxygen Effects Experiment," in "Atomic Oxygen Effects Measure-
ments for Shuttle Missions STS-8 and 41-G," NASA TM 100459,1988, pp.
2-1-2-10.

65Whitaker, A. F, Little, S. A., Harwell, R. J., Griner, D. B., DeHaye,
R. F., and Fromhold, A. T, Jr., "Orbital Atomic Oxygen Effects on Thermal
Control and Optical Materials: STS-8 Results," in "Atomic Oxygen Effects
Measurements for Shuttle Missions STS-8 and 41-G," NASA TM 100459,
1988, pp. 4-1-4-11.

66Murr, L. E., and Kinard, W. H., "Effects of Low Earth Orbit," American
Scientist, Vol. 81, No. 2,1993, pp. 152-165.

67Banks, P. M., Williamson, P. R., and Raitt, W. J., "Space Shuttle
Glow Observation," Geophysical Research Letters, Vol. 10, No. 2, 1983,
pp. 118-121.

68Mende, S. B., Garriott, O. K., and Banks, P. M., "Observations of Optical
Emissions on STS-4," Geophysical Research Letters, Vol. 10, No. 1, 1983,
pp. 122-125.

69Green, B. D., Caledonia, G. E., and Wilkerson, T. D., "The Shuttle
Environment: Gases, Particulates, and Glow," Journal of Spacecraft and
Rockets, Vol. 22, No. 5, 1985, pp. 500-511.

70Garrett, H. B., Chutjian, A., and Gabriel, S., "Space Vehicle Glow—
A Review," Journal of Spacecraft and Rockets, Vol. 25, No. 5, 1988,
pp. 321-340.



136 MURAD

71Swenson, G. R., Mende, S. B., and Clifton, K. S., "Ram Vehicle Glow
Spectrum: Implication of NO2 Recombination Continuum," Geophysical
Research Letters, Vol. 12, No. 2, 1985, pp. 97-100.

72Kofsky, I. L., and Barrett, J. L., "Spacecraft Glows from Surface-
Catalyzed Reactions," Planetary and Space Science, Vol. 34, No. 8, 1986,
pp.665-681.

73Viereck, R. A., Murad, E., Green, B. D., Joshi, P., Harbaugh, G.,
and Hieb, R., "Origin of the Shuttle Glow" Nature, Vol. 354, Nov. 1991,
pp. 48-50.

74 Yee, J. H., and Dalgarno, A., "Radiative Lifetime Analysis of the Shuttle
Optical Glow" Journal of Spacecraft and Rockets, Vol. 23, No. 6, 1986,
pp. 635-640.

75Viereck, R. A., Mende, S. B., Murad, E., Swenson, G. R., Pike, C. P.,
Culbertson, F. L., and Springer, R. C., "Spectral Characteristics of Shuttle
Glow," Geophysical Research Letters, Vol. 19, No. 12,1992, pp. 1219-1222.

76Paulsen, D. E., Sheridan, D. R, and Huffman, R. E., "Thermal and
Recombination Emission of NOi" Journal of Chemical Physics, Vol. 53,
1970, pp. 647-659.

77Ahmadjian, M., Jennings, D. E., Mumma, M. J., Espenak, R, Rice,
C. J., Russell, C. W., and Green, B. D., "Infrared Spectral Measurement of
Space Shuttle Glow," Geophysical Research Letters, Vol. 19, No. 10, 1992,
pp.989-992.

78Lee, T. J., "Bond Distances and Vibrational Spectrum of the Molec-
ular Cation NO+," Chemical Physics Letters, Vol. 188, No. 1/2, 1992,
pp. 154-158.

79Herzberg, G., Molecular Spectra and Molecular Structure—III. Elec-
tronic Spectra of Polyatomic Molecules, Van Nostrand, New York, 1966.

80West, R. G., Sims, M. R., and Willingale, R., "Evidence for a Far Ultra-
violet Spacecraft Glow in the ROSAT Wide-Field Camera," Planetary and
Space Science, Vol. 42, No. 1, 1994, pp. 71-80.

81Engebretsen, M. J., and Hedin, A. E., "DE-2 Mass Spectrometer Ob-
servations Relevant to the Shuttle Glow," Geophysical Research Letters,
Vol. 13, No. 1, 1986, pp. 109-112.

I.D.Boyd
Associate Editor


