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The radiance distributions of the short-wavelength infrared and visible glows associated with interaction of
exhaust from Shuttle orbiter’s primary reaction control system thrusters with background air are interpreted as
resulting from independent kinetic processes involving major and fuel-fragment components of the hypervelocity
combustion gas. These luminous volumes become essentially stable in the spacecraft’s moving reference frame by 1s
after the engine’s liquid bipropellant ignites, with dimensions on the order of kilometers. Viewed perpendicular to
the vehicle trajectory, they have Gaussian brightness profiles in ram and, at visible wavelengths, an edge-enhanced
ogival shape in wake injections. Strong vibrational emission arises from collisions of water molecules, which
also emit over a broad infrared range when outgassed from low-orbiting spacecraft. Other phenomenological
features of these optical-contaminant glows quantified from ground-based radiometric images include 1) total
exoatmospheric photon yields, 2) volume emission rates and downstream movement of the surface brightness
maxima as the ambient reactant species becomes depleted, and 3) cross sections for quenching the luminesity.
The absolute visible-band intensities from three exhaust directions indicate a potential barrier for the excitative
reactions, and with the patterns of projected radiance apply in remote sensing of angles between the thrust axis

and the spacecraft velocity.

Nomenclature
A, B = number of precursor radiating molecules or atoms
ca,cp = total rates of species reactions, s~
J = molecular rotational quantum number
t = time after initiation of thruster engine firing, s
v = velocity of advance, km s™*
v,v;_3 = molecular vibrational quantum numbers
x = distance, km
T, T1-3

= characteristic reaction times, s

Introduction

ISIBLE radiations excited by the combustion products of

the Space Shuttle’s primary reaction control system (PRCS)
thruster motors have been found! to originate from up to several
kilometers into the low-Earth-orbital atmosphere, and to increase in
intensity with increasing energy of collision with the background
air. This interaction volume can be associated with the diffusive-
expansion phase” of the exhaust gases; its decrease in brightness
toward the engine nozzles is attributed to depletion of ambient gas
in the continuum-flow region.>—> As the initial translational energy
of molecules desorbed and vented from spacecraft moving at 7.8
km s~! relative to the thermosphere is of the same order as those
from thrusters (typically 3.5 km s™!), their impacts on local air
also result in internal excitations. The flowfield of these effluents
underlies the optical (foreground-clutter) and physical (impinge-
ment, mass-redeposition) contamination commonly found to de-
grade space operations.
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The primary direct source of data on exhaust—-atmosphere inter-
actions are ground-based radiometric images' and spectra® in the
visible—near-uv, and images in the short-wavelength infrared.” In
addition, visible-uv spectra from onboard of liquid-bipropellant
combustion gas identify some of its potentially reactive minor
components.® Related laboratory studies include those of hyper-
thermal ion-neutral reactions,>!® which excite both visible® and
infrared'®!! emissions, and of impacts of orbital-velocity oxygen
atoms on known and putative exhaust molecules.'?~17 Further sup-
port is provided by the older combustion literature referenced below,
and recent spectroradiometry of outgas and optically active species
released from orbiter.!® The field experiments are interpreted with
the aid of a Monte Carlo flowfield model that predicts the emis-
sion rates of rovibrational features and their transmission to en-
doatmospheric sensors. The purpose of this report is to apply this
information to understanding the optical excitation by, and trans-
port of, PRCS engine exhaust and other effluents in the near-space
environment.

Ground-Based Measurements
General ‘

This review is given scope by the above-mentioned spectroradio-
metric data, which we obtained using large-aperture, precisely track-
ing telescopes at the Air Force Maui Optical Site?® (AMOS) atop
3050-m Mt. Haleakala, Hawaii. Parallel-oriented pairs of the 870-
Ib-thrust PRCS engines [monomethyl hydrazine (MMH) fuel, nitro-
gen tetroxide oxidizer] were operated near culmination to provide
views about perpendicular to Shuttle orbiter’s trajectory during over-
passes of STS-56, -33, -38, and -41. In a typical experiment these
attitude-controlling thrusters were fired sequentially into ram, into
wake, and perpendicular to track toward the zenith and then nadir
for closely 3-s periods; at STS-56, a longer-duration ram burn was
imaged. The foreoptics of the specially built imaging spectrograph?!
was designed. to encompass the full visible-near-uv interaction
volume.

The surface brightnesses of these regions lead immediately to
their total photon yields. When the axis of the exhaust stream is
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within a few degrees of direct ram or wake, the near-cylindrical
symmetry of these brightnesses allows them to be straightforwardly
unfolded to derive distributions of the volume emission rate. This
more fundamental quantity depends on the local densities of injected
and background gases, the rate coefficients for exciting and colli-
sionally deactivating radiative species, and their upper-state life-
times and branching ratios. The volume emission rates are subject
to effects of diffusion, as will become apparent later. Interpretation
of the images is complicated by the large number of atoms and
molecules that may be emitting within the typically broad spectrum
intervals of the cameras, as well as of nonradiative species that can
take part in precursor and/or quenching reactions.

The brightness distributions and total optical power outputs are
sufficiently different to apply to determining thrust angles of engine

firings on noncooperating spacecraft. The dependence of radiant in- .

tensity on time after ignition indicates the order of the processes
producing visible and infrared photons, a principal finding of the
experiments reviewed here. Glow that persists after thruster shut-
down conveys further chemistry and dynamics information, includ-
ing rates of impact of particles in the interaction region on the Shuttle
orbiter’s body.®

Imagers
The video cameras imaged onto intensified silicon intensifier tar-
- get photocathodes having S-20R spectral response (0.39-0.67 um
FWHM, including lens transmissions). We took the output currents
over dark baseline to be proportional to the spatially correspond-
ing irradiances at these cameras’ focal planes, as when analyzing
their photographs of other thermospheric emission and sunlight-
scattering events.??~2* This assumption of linear response introduces
only small photometry -error relative to other sources of inaccuracy
when these currents are below about % of saturation. The photocur-
rent distributions were accessed and (where indicated) coadded and
baseline-suppressed using standard digital image-processing hard-
ware, and converted to numerical descriptors using largely propri-
etary software. The absolute response was calibrated against the
tabulated? irradiances produced by known stars, whose angular sep-
arations provided an accurate transverse distance scale at orbiter’s
ranges from AMOS.: ‘

The infrared camera photographed a ram glow produced on mis-
sion STS-56 with the aid of a specially designed 40-cm-aperture aux-
iliary telescope. Its focal-plane detector is a liquid-nitrogen-cooled
128 x 128 element indium antimonide array, which was read out
each 0.14 s. Figure 1 shows the transmission of its prefilter and of the
low-latitude maritime-atmosphere sight path above the mountaintop
station, calculated using 5-cm~!-spectral-resolution LOWTRAN,
along with the spectral locations of vibrational features currently fa-
vored. The actual attenuations of these rotationally broadened bands
call for the line-by-line calculations noted later; these attenuations
were found to depend only weakly on the humidity profile of the
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Fig. 1 Transmissions of the InSh-photocathode camera filter and the
atmosphere at STS-56 culmination.

troposphere over the range accompanying visually clear nights at
AMOS.

The quantum conversion efficiency of InSb remains nearly con-
stant in the wavelength interval of Fig. 1. Thus the product of these
two transmissions, indicated by shading, is the relative response of
this imaging system to exoatmospheric radiation sources (at 5-cm™!
resolution). As with the visible-light signal, we digitized the pho-
tocurrents above thermal leakage baseline to determine the relative
scene brightnesses in the short-wavelength infrared (SWIR) interval.
The absolute radiometric sensitivity applied is based on extrapola-
tion of a stellar calibration at a somewhat shorter wavelength.

PRCS Exhaust -

Mole fractions of the major exhaust products averaged over the
exit plane are calculated to be 0.33 H,0,0.31 N,,0.16 H; and 0.03 H,
and 0.13 CO and 0.042 CO,.%?62" Minor (0.1-1% mole fraction) and
trace (<0.1%) species, originating largely from zones having other
than the mean temperature and oxidizer/fuel ratio in the combustion
chamber, are present in as yet unquantified concentrations. (These
concentrations presumably vary with time after ignition, and also
with streamline location, as an excess liquid-fuel film cools the
chamber walls.®) Among these species are low-molecular-weight
hydrocarbons, such as acetylene, whose reactions are considered to
be the source of most of the electronic emissions from the interaction
volumes. The minor components include raw MMH both as vapor
and as droplets, MMH pyrolysis fragments, and NO. Trace NO,,
CN, CH, CH;, C;, and HNO have been identified®?’ from firings of
PRCS and smaller-scale MMH-N,0O, rocket motors.

Background on Excitative Reactions

To aid in interpreting the images of the glows excited by these
molecules, we briefly review the relevant emission spectra and cross
sections that have recently emerged. As is shown later, the vibra-
tional (SWIR) emission rates, unlike the visible-uv, are much too
high to be explained by processes involving minor exhaust com-
ponents. We introduce here the perceivedly important luminosity-
producing reactions of major components, and assess their contri-
bution in connection with our analysis of the AMOS and supporting
data.

Water Vapor

H,O is a particularly ubiquitous spacecraft-environment contam-
inant. Besides constituting one-third of liquid-bipropellant exhaust,
water molecules are continuously outgassed from exposed surfaces
and intermittently flash-evaporated as part of stationkeeping, both
directly?®® and from ventings of liquid.?? Rates of production of
H,O vapor from these sources during Space Shuttle operations are
400 g s~! per individual PRCS engine’; roughly 0.02 g s~!, the exact
figure depending strongly upon presoak conditions and time since
launch®?%; and of order 20 gs~! when steam is released®® and
2 gs~! from standard dumps of excess water.?? Gas is evaporated
and sublimed from these liquid streams and the particles into which
they fragment, primarily in the initial ~5 m from orbiter, and thus
also becomes nearly isotropic around its body.

The average center-of-mass energy in first collisions of ram-
directed PRCS exhaust H,O with the principal orbital-altitude
species O is just below 6 eV. When these molecules desorb (in
which case no continuum-flow phase develops) or arise from flash
evaporations, almost 3 eV is available. These translational energies
exceed the excitation thresholds of a large number of vibrational and
pure rotational states of H,O and OH. [H,O™ can also be produced,
by impact on ionospheric O*(*S); the charge-exchange reactions
also populate at least one electronic state of neutral oxygen.®] In
consequence, considerable interest has developed in hyperveloc-
ity water-vapor-associated excitation.!1,16:17.19.28.30-34 Nopetheless
the experimental database remains sparse—the two stretch-mode
fundamental bands (100 and 001 — 000) have not been spectrally
resolved from one another, for example—and the theoretical state-
to-state cross sections differ among themselves.!! Most recently,
infrared foregrounds from outgas have appeared within the fields
of view of orbiter spectroradiometers,?>~37 which besides identify-
ing the principal transitions lead to the idea that the 2-3-order-of-
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magnitude-higher signal from purposely released water, unobscured
by still-hot combustion products, would further aid in investigating
exhausted-water collisions.
H,O has in fact been found to be responsible for most—on un-
_powered space vehicles perhaps all—of the gaseous foreground con-
taminating geophysical data from infrared sensors. Its radiations are
in part due to its initial thermal population®3! and pumping by sun-
light or earthshine.!'*® For most optical configurations, however,
they come primarily from its several internal-excitation-producing
reactions with background oxygen atoms.''*37 (Rates of excita-
tion of SWIR by collisions on the less-abundant nitrogen molecules
are several orders of magnitude lower.'#) After the departing water
molecules have relaxed radiatively, the principal such single-step
processes are considered to be

H,0(X, 000) + OCP)
H,0(X, 100, 010, 001 [principally],

020,011, 111,...) + OCP) (1a)
H,0(X, vivws = 0, J 3 0) + OCP) (1b)
OH(X2I1, v > 0) + OH(X) (lc)

and to a lesser extent
H,0(X, 000) + O*(*S)

— H,0(X?B,, 001, 100, 010, 012, 111, 020, ...) + OCP)
‘ @

The resulting optical emissions, in rough order of intensity, are pri-
marily as follows: :

1) Spectrally widespread pure-rotation lines of neutral H,O, with

_ about equal energy yields in the wavelength intervals®! 5-16, 17-22,
and 23-28 um.

2) The commonly encountered fundamental bending (v,) and
stretching (v1, vs3) mode sequences of H,O, rotationally broadened
around 6.3 and 2.7 um.

3) The fundamental and first-overtone rovibrational cascade!l'!?
from OH (vibrationally excited) longward of 2.8 and 1.3 um.

4) Multiguantum and multimode (combination) bands!! of H,0,
and also H,O*, principally near 1.9, 3.1, and 4.7 um.

5) Stretch- and bending-mode fundamental bands!! of H,O" near
3 and 7 um (the partial cross sections for internal excitation of this
product of hyperthermal charge exchange are large® %),

The high-resolution 4-22-pm spectra of outgas recently obtained
by viewing from orbiter,%7 although outside the response interval
of the AMOS infrared camera, contain particularly relevant infor-
mation. Their vibrational development®” near 6.3 pm indicates that
little H,O v, emission extends down to these wavelengths, and fur-
thermore, shows no evidence of HyO" v,. The undetectability of
pure-rotation lines of OH .against the strong, spectrally dense lines
from H,O means that relatively few hydroxyl radicals are produced
in high rotational states at 3-eV center-of-mass collision energy.

The H,O v, emission between 5 and 6 pom seen by the cryocooled
Fourier-transform spectrometer>’ was obscured by the 1, 0 vibra-
tional band of NO. From its column emission rate and spectral pro-
file, this feature may be interpreted as being the natural (far-field)
excitative oxygen atom-exchange radiation predicted by Earth-limb
models.*® That is, the data from this high-performance sensor do
not identify nitric oxide as an optically contaminating effluent, nor
do they show any other molecular radiations. (Unfortunately, it was
not scheduled to operate during control thruster firings or water
releases.)

Other Major Combustion Species

Other major components of PRCS exhaust are energetically able
to contribute to the SWIR signal, through exothermic reactions with
ramming oxygen atoms such as

CO, CO, +0CP)

" COX'ST, v = 2), CO(v1pvs > 0) + 0, 0, 3)

Na(X) +O(P) — NO(X?II,,v > 2) + N )

and
Hy(X,v > 0) + OCP) > OH(X’M,v = 1o0r2) + H 5)

The spectral ranges of the resulting vibrational features, includ-
ing those of the expectedly weak combination bands of CO,, are
illustrated in Fig. 1. Vibrational emission from carbon monoxide
would arise about equally from collisions'*>'7 of CO and CO;; lab-
oratory data indicate that the 4.7-um CO fundamental would be
much stronger than the 4.3-pm CO, 001 — 000. An on-orbit re-
lease of N, gas'® led to an upper limit (10~17 c¢m?) to the cross
section for producing NO', whose overtone sequence lies within
the infrared camera’s spectral range. The cross sections for the al-
most thermoneutral reaction (5), though not measured, have been
predicted theoretically.’®~*' As noted, we consider these candidate
excitative reactions further in our interpretation of the SWIR emis-
sion yields.

Electronic Excitation

By contrast, existing data indicate that most of the visible and
(particularly) uv from the interaction volumes originates with mi-
nor or trace exhaust gases, rather than from conversion of some of
the kinetic energy of major combustion species into internal energy
of their reaction products. AMOS imaging spectra®*? of ram and
perpendicular-to-trajectory. PRCS exhaust interactions from 290-
km-altitude STS-41 and STS-38 showed the following features:
1) NH AT — X% Av = 0 sequence Q branches centered at
3365 A, which have also been observed spectroscopically from on-
board the orbiter*®; 2) a so far unidentified pseudocontinuum (or
unresolved discrete emissions) extending between approximately
3500 and 5000 A, which represents the major fraction of the signal
in the S-20R response range; 3) the O 1D — *P forbidden red dou-
blet at 6300 and 6364 A, with intensities that would produce only
a small fraction of this signal; and 4) weak, spectrally unstructured
emission extending longward of 5000 A.

The NH-radical bands (item 1) lie at wavelengths too short to
produce measurable photocurrent from the AMOS video cameras.
Their ready excitation, however, highlights the contribution of low-
concentration exhaust products, since it does not result from any
plausible single reaction or chain starting with the major compo-
nents. The total yield of these photons from 3-s-duration firings into
ram from STS-33 was found to be only a few hundredths percent of
the number of PRCS fuel molecules consumed,*? consistent with the
estimated mixing ratios of trace exhaust species. Identification of
NH emission gives credence to interpreting the strong blue-green ra-
diation (item 2) as being due to one or more of the other features iden-
tified in laboratory combustion of hydrazine and amine compounds,
or in hiydrocarbon flames**#*; these include electronic bands origi-
nating from low-lying upper states of C,, CN, CO, and CH.

The red lines (item 3) originate from only 1.97 eV above the
ground state of atomic oxygen, and are well known to be ex-
cited by several aeronomic reactions. From exhaust, they have
been interpreted® as due primarily to nonadiabatic impacts of high-
translational-energy H,O (and also knocked-on ambient oxygen
atoms) on OCP). A potential second source is excitative charge
transfers from H,O to the principal ionospheric component O* *s),
i.e., partitioning of the exothermicity of the reaction (2) into an elec-
tronic rather than vibrational states. The analysis indicated that ail
but a few percent of the metastable O(*D) atoms are deactivated by
further collisions, on exhaust molecules as well as the O and N, nat-
urally present. A large fraction of such quenchings by H, and H,O
would result in OH radicals, whose third vibrational state is energet-
ically accessible even when the participants have been thermalized;
the product hydroxyl could emit only SWIR photons.

Excitation of O(*D) that would accompany water outgassing or
releases has been below sensor threshold in the several surveys of
the atmosphere’s limb from onboard spacecraft. In addition the O1
forbidden green line, which originates from a state (1S) of the same
electronic configuration that lies only 2.2 eV above O('D) and fur-
thermore has an about 200 times shorter radiative lifetime, was (cu-
riously) absent in these AMOS spectra.® They also show no evidence
of near-uv electronic (A>X* — X 2IT) bands of OH.
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The weak yellow-red radiation (item 4) gave no spectral indica-
tion of being the energetically accessible Av = 4 and 5 vibrational
sequences of OH formed by impact of exhaust H,O on background
OCP), which had been previously anticipated.*2 (This observation
is consistent with the modest vibrational temperature of reaction-
product hydroxyl mentioned later.) Additionally, the mixing ratios
of nitric oxide in PRCS exhaust or from later reactions are predicted
to be low, and the time scale for excitative two-body recombinations
of NO with O is very long compared with that of the observed decay
of visible emission from exhaust interactions (~1-s exponential, as
stated below); thus the yellow-red component of the AMOS spec-
trum would not be the familiar pseudocontinuum from NO}..

Images of the Interaction Volumes
Overview

Representative exposure-contoured AMOS photographs of the
glows produced by pairs of parallel-directed PRCS rocket motors
are reproduced in Figs. 2a-2d. The plate scales refer to the plane
perpendicular to the camera line of sight at the range to orbiter.
The vehicle has moved in the direction shown by star tracks about
0.25 km between single video frames, and 1 km in the four-frame
averages. Reflection density scales differ among these reproductions
of the electronic images, which are the source of the numerical
photometry and photogrammetry results to be presented.

Figuré 2a compares the radiation patterns at $-20R and SWIR
(Fig. 1) wavelengths from a windward-directed firing from STS-56
on Orbit 114, They expanded very slowly beyond the initial 2 s
after ignition shown. (Blockage of the tracking telescope’s view
by its housing precluded observation of engine shutoff some 10 s
later.) Orbiter is at 293-km altitude, at 42-deg elevation from AMOS.

" y SR . . -

Fig. 2b Ram visible exhaust interaction from STS-33.

Fig. 2c Perpendicular-to-track visible exhaust interaction from
STS-33.

Fig, 2d Wake visible exhaust interaction from STS-33.

The exhaust axis is 1.8 deg in depression and 11.8 deg in azimuth
(northeast) from the trajectory vector; the trajectory aspect increases
from 75 to 76.5 deg and the exhaust-axis aspect from 77 to 79

* deg during the data sequence. Radiances are shown with the same

arithmetic separation for both cameras, and the times refer to the
ends of the exposures. The mean translational energy in the rest
frame of (for example) axially directed H,O and O is 5.8 eV, and
for CO, and O jtis 6.9 eV.

Figure 2b is from a video camera whose narrower field encom-
passed about half of the fully developed STS-33 (orbit 21) ram
volume. Its top row reproduces the first six %-s frames, and sub-
sequent rows are averages of four consecutive frames, with 42-92
(1.40-3.07 s) omitted starting at the middle of the third row as indi-
cated by the gap. The orbiter is at 316-km altitude, 34-deg elevation.
The trajectory aspect increases from 68 to 72 deg, and the gray-scale
contours are again linearly separated. Detectable visible glow, some
of it in the moving spacecraft’s retrograde hemisphere, persists for
at least 4 s after a nominally 3-s thruster operation. (The engines
were turned on and off manually from onboard, uncorrelated with
the ground-based camera’s framing.)

Figures 2c and 2d are S-20R radiance distributions with exhaust
from STS-33 (orbit 21) directed toward the zenith perpendicular to
its orbital path and into its wake. The frame timing and averaging are
as for Fig. 2b. In Fig. 2c the orbiter is at 319-km, 34-deg elevation,
and has trajectory aspect 88-92.5 deg; in Fig. 2d, 320 km, 28 deg,
and 79-83 deg. In the retrograde firing, where the average H,0-O
kinetic energy is just under 0.5 eV, the absolute brightnesses and total
light yields were found to be one to two orders of magnitude lower
than in the normal-to-trajectory (3.2 eV) and posigrade firings.!

Ram and Normal-to-Track Exhaust

The ram glows (Figs. 2a and 2b) extend into the forward hemi-
sphere (only) from orbiter, whose location is indicated by a low-
contrast patch a few pixels in width (close to the nominal camera
resolution). The finger extending from the thrusters in the first few
frames from STS-33 becomes about 30 m wide and 200 m axially; a
similar, but less pronounced, local structure can also be detected in
the STS-56 video images. (Accuracy of the optical measurements
is insufficient for meaningful scaling between air densities at the
two exhaust-injection altitudes.) By the ninth video frame (0.3 s),
a gap some 200 m long has developed between the spacecraft and
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the volume radiating above camera threshold. This weakening of
column emission rates approaching the exhaust exit plane is due
to depletion of the ambient chemiluminescent-reaction partner pre-
dicted by both classical explosion theory>* and numerical models
of the flowfield.>!® No further spatial structuring, such as has been
seen accompanying the usual ~10-Hz pulsed operation of the con-
trol thrusters,*? is apparent in either the visible-light or the SWIR
photographs of the STS-56 interaction.

The perpendicular-to-track visible glow volume (Fig. 2c) streams
backward in the orbiter’s reference frame, presumably because of
the delay in excitation that we identify later. As a consequence, the
projected radiances peak at larger angles from the velocity vector
of the spacecraft than would be predicted from this velocity and
that of the exhausted gas. (The component of the symmetry axis
of the initial flow out of the image plane also has the effect of
increasing this angle.) The surface brightnesses extending into the
retrograde hemisphere have steeper gradients than at the leading
edge of the glow, as is shown more quantitatively later on in Fig. 8.
A rudimentary oxygen-depletion region appears near the spacecraft,
and again no emission from the region rearward of the exhaust plane
is detectable. Luminosity begins to extend outside the camera field
as early as 1 s, in an unsymmetric pattern that does not lend itself
to extrapolation; nonetheless this radiating region also gives the
impression of reaching an essentially steady state in the orbiter’s
moving reference frame at that time,

Wake-Directed Exhaust

The much weaker wake glow (Fig. 2d) similarly becomes stable
by about 1 s. This volume appears to be a hollowed ogive or quasi-
cone, with an initial half apex angle somewhat larger than the 23-deg
final expansion-cone angle of the PRCS nozzles. Its projections re-
solve no gap in visible surface brightness extending from the exit
plane, but when the radiating volume reaches a steady state, its total
emission per unit axial length—i.e., the station radiance—decreases
steeply toward the nozzles in the initial retrograde ~1.5 km. Again
no emission from the hemisphere opposite to exhaust injection is
above camera threshold.

An interpretation that the limb enhancement arises from the ex-
cess liquid fuel flowed to cool combustion-chamber walls would
be consistent with excitative reactions of MMH products with the
background atmosphere. This brightening, however, must also be
in part due to the increased concentrations of O(*P) reactant near
the periphery of the exhaust flow, associated with decreases toward
its symmetry axis. The initial upstream growth of station radiance
noted just above would again be due to the exhaust gas encoun-
tering nearer-ambient densities of oxygen atoms. The frames after
thruster shutdown show the spacecraft moving away from the still-
luminescing interaction volume, illustrating the expected drag of
the orbital atmosphere on its reactive (and/or metastable) species.

Radiance Profiles and Growth Velocities

We extracted axial and perpendicular-to-track brightness profiles
from the images in Fig. 2a (STS-56, April 19, 1993), from which
characteristic dimensions could be defined and volume emission
and total-yield rates derived. (The traces were corrected for the small
change in plate scale during the measurement period.) In the earlier-
acquired video sequence reproduced in Fig. 2b (STS-33, Nov. 24,
1989) the projection of the radiating volume overfills the camera
field in both directions about 0.5 s before its growth slows dra-
matically; nevertheless, unlike the generally higher-quality STS-56
images, this record contains information about persistence of the
emission. The unsymmetric and likewise incompletely imaged pat-
terns from a cross-track exhaust injection (Fig. 2¢) are not amenable
to description by afew numerical parameters. The weaker wake glow
(Fig. 2d), which also soon extends beyond the camera field, provides
much lower signal/noise ratio and thus less reliable dimensions and
photon yields.

Ram Glows

Figure 3 shows axial profiles during the initial rapid expansion
of the STS-56 luminous volumes. We define the intercepts on the
dark-current baseline of the straight lines manually fitted to their
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Fig. 3 Axial radiance traces through the STS-56 interaction volumes.
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Fig. 4 Axial positions of the peaks and fronts of the STS-56 SWIR
and visible interaction glows: A, visible peak; V, SWIR peak; [, visible
front; and X, SWIR front.

downstream sides (in Fig. 3) as fronts of the exhaust interaction.
Figure 4 is a plot of these front positions relative to the spacecraft,
which is readily located in virtually all frames. (Its position in fact
drifts only a few pixels during the measurement period, showing
the tracking precision to be $1”.) Comparison between SWIR and
visible front locations thus extracted from the continuous-tone pho-
tographs is justified by 1) the comparable dynamic ranges of these
image data and 2) the observation that the ratio of axial velocities of
the directly identifiable maximum-brightness positions is very near
the corresponding ratio for these brightness fronts. Uncertainties in
velocity of advance stated in Fig. 4 represent one standard devia-
tion from best-fit straight lines, without consideration of systematic
photogrammetry error; model refers to results of the SOCRATES
code!? calculations discussed below.

Similar cross-track traces through the positions of maximum sur-
face radiance are in Fig. 5. The insert shows the SWIR camera data
fit to a Gaussian. Distances from the spacecraft to these column
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Fig. 6 Radiance profiles at two times after STS-56 PRCS ignition.

emission-rate maxima have no particular physical meaning, other
than that they locate the volume-emission-rate maxima fairly reli-
ably. The SWIR radiance maximum and front move to windward
significantly more rapidly than the visible during this initial 0.6 s,
and the SWIR spatial distributions then are also broader both axially
and transversely. The posigrade velocities of the SWIR glow volume
are decreasing, so that the two profiles overlie one another by about
1 s (within the resolution of these image data; see Fig. 6). That this
difference in growth rates at early times is not merely an effect of our
definition of the radiance fronts is to some extent further evidenced
by the downstream bulge in the SWIR isophote plots in Fig. 2a.
These profiles transverse to the orbital track through the radiance
maxima make reasonably satisfactory fits to a Gaussian functional
form. We adopt the standard width parameter, implicitly defined in
the lower panel of Fig. 5, as the measure of dimensions of these
soft-edged luminescing regions. Data points were assigned equal
weight in the least-squares fitting. The SWIR transverse Gaussian
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Fig. 7 Growth of the STS-56 luminous exhaust interaction volumes.

half-widths (Fig. 7) approach an asymptote of 1.14+0.16 km
with a characteristic exponential time of 0.93 +0.22 s. The cor-
responding growth parameters for the S-20R wavelength interval
are 1.49+0.13 km and 1.41£0.31 s; ie., the visible exhaust-
interaction volume becomes about 30% wider over a 50% longer
period. (Uncertainties quoted here and later represent the departures
from best fit at which the sum of residuals has increased by a fac-
tor 3, which corresponds roughly to 90% confidence; systematic
measurement error is again not considered.)

The SWIR axial profiles are too noisy and asymmetrlc for sat-
isfactory application of this automatic procedure. Manual smooth-
ing, however, allows estimation of their full widths between pho-
tocurrents in the same ratio to the maximum photocurrent as in
the Gaussian definition [(1/e)!/?]. After 1 s this dimension is 2
% (0.8 —0.9) km. The visible-emission pattern expands more slowly,
consistent with the behavior of its front, and reaches an asymptotic
axial half-width of 1.33 £ 0.09 km with an exponential time of
1.85 4 0.27 s. (The changing viewing angle from AMOS during the
~23-s measurement period produces a small systematic error rela-
tive to the precision of these image-derived figures.) Both brightness
distributions are broader in the cross-track direction; the visible is
asymmetric about the transverse lines through its maximums, with
less-convex contours toward the source of exhaust gas.

The <1 s of fully useful geometry data available on the STS-
33 ram exhaust interaction (Fig. 2b) indicate that the similarly de-
fined radiance front advances with a similar functional dependence
on time after PRCS turn-on. Best statistical fits to the half-width
asymptotes and grow-in times of the axial and transverse-to-track
expansions are 1.095 £0.12km, 0.87 £0.19sand 1.27 £ 0.10 km,
0.97 £ 0.12 s, respectively. The apparently high precision of these
figures is due to the high spatial resolution of the long-focus cam-
era. Since the systematic error in extrapolating to beyond 1 s could
be large, no significance can be ascribed to differences from the
growth parameters of the visible STS-56 ram glow, which refer to
background air with factor-e, or one scale height, higher density.

Normal-to-Trajectory and Wake Glows

Profiles through the area of maximum horizontal width of the vis-
ible luminosity from the perpendicular thruster firing are shown in
Fig. 8. That the highest surface radiance remains nearly unchanged
during the initial 1 s is an artifact of the selection of these traces.
This area also has steeper trailing than leading edges, which is again
an effect of depletion of the background reactant. The distance to the
uppermost front position increases at 3.1 &= 0.4 km s™! in the initial
0.7 s, which within measurement error is the initial velocity of the
exhaust gas relative to the orbiter. The largest full widths parallel to
the trajectory, defined as in Fig. 3, turn out to increase at sensibly
the same speed.

In the initial 0.7 s of the wake firing the corresponding relative
velocity of the luminosity frontis 3.5 - 0.4 km s~!, again the exhaust
velocity. (This uncertainty estimate takes into account systematic
error in the coadded signal resulting from subthreshold radiances,
which are evidenced by the photocurrent distributions in the first few
video frames.) The corresponding rate of growth of the maximum
full widths averages 3.4 £ 0.5 km s~! over this period, after being
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Fig. 8 Transverse profiles through the peak radiance of the STS-33
perpendicular-directed exhaust interaction volume.

somewhat larger in the initial 0.2 s. This phase velocity is (within
measurement precision) the same as that of the maximum widths
of the transverse-to-trajectory interaction volume; the cross-track
widths of the ram glows appear to be increasing less rapidly, as are
their axial-front displacements (Fig. 4). The emission per unit axial
length after 1 s peaks at about 1.5 km from the spacecraft, and then
decreases roughly exponentially with a characteristic distance of 2.8
+ 0.4 km.

Radiant Intensities
STS-56 Measurement

Figure 9 is a plot of the total transmitted power from the STS-56
ram volume in the two wavelength intervals. The relative SWIR yield
rates were accessed by summing the photocurrents above the base-
line (leakage) currents from the photodetector array, which we mea-
sured pixel by pixel just before the PRCS engines ignited. In the
visible-light images, irradiance streaks from stars and out-of-frame
glow introduce unacceptable error in such automatic integrations;
we therefore determined the total yields making use of the Gaussian
widths plotted in Fig. 7.

The SWIR power outputs can be seen to approach an asymptote
about exponentially. Weighted by their magnitudes, as is justified
by the increasing uncertainty in signal photocurrent toward the dark
baseline, they best fit a characteristic growth period 0.41 & 0.06 s.
The visible power outputs, in contrast, initially exhibit distinct up-
ward rather than downward curvature, heuristically fitting the func-
tional forms in Fig. 9. '

Interpretation

An exponential dependence of total light output on time after
injection of exhaust gases begins would result from a constant frac-
tional rate of their at least in part chemiluminescence-producing
consumption. That is, the observed behavior of SWIR emission in-
dicates that its rate-limiting step is that of a first-order reaction of
one or more combustion-product species (input at a constant rate, as
from the PRCS engines) with the atmosphere’s atoms or molecules
(essentially undepleted within the volume encompassed by the cam-
era’s field). The characteristic grow-in period can thus be directly
interpreted as the inverse of the product (spatially averaged con-
centration of ambient reactant) x [available-energy-averaged rate
coefficient of the reaction (or elastic collision) that removes (or re-
duces below reaction threshold the translational energy of) exhaust
species].

By contrast, the initial upward curvature of power output in visible
photons is characteristic of chemical processes involving formation
of an intermediate, or alternatively, consumption of some competing
species in the reaction volume. These yield rates make satisfactory
fits to the functional form 1 — exp[—(¢/73)*], which approaches
(t/73)? when t < 7;. (The 1; are given in Fig. 9.) They also fit

it —exp(—1/m)]— (57" =) " lexp(=t/m) —exp(—t/)] (6)

which has more physical significance as it would result from thé
following two-step process.
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Fig. 9 'Total radiant intensities from the STS-56 exhaust interaction
volumes,

One or more exhaust species (again input at a constant rate) reacts
as described in the preceding to increase the number of precursor
molecules or atoms:

A = csTy[l — exp(—t/71)] )

Species A concurrently participates in reactions (again with the
chemically or dynamically undepleted ambient atoms and/or mole-
cules) that produce excited species B at a comparable fractional
rate:

— =2 ®

B then radiates in a time short compared with the scale of this
chemistry. The constants.c4, and ¢ normalize the total number of
reactions within the volume viewed by the cameras, and 7; and 7,
are the inverse fractional step rates, i.e., characteristic times. The
solution of Eq. (8) is

B = cacpt X [the expression in Eq. (6)] C))

In the special case that these two reaction times are equal (11 =
T, = 1), the photon output rate becomes

cacpT X {t[l — exp(—t/1)] — texp(—t/7)} 10)

Figure 9 shows the visible radiant intensities also to be fitted satis-
factorily with a single characteristic time (0.73s s), which means that
the above-mentioned product of total number of reaction partners

. and rate coefficient is sensibly the same for each of the two steps. If

this ambient reactant were the same species, the two rate coefficients
would be equal. Furthermore, with the extremely plausible assump-
tion that it is due to Q(P) at the average density of 10° cm™> typical
of the orbiter’s operation altitude, this coefficient would be about
1.5 x 10~° cm®/s. To the extent that a cross section can be reliably
extracted from a single rate datum, the cross section for the reactions
resulting in visible luminosity would be closely 1.5 x 10~ cm?, or
geometric.*47 (N, with almost order-of-magnitude-lower density,
could not be the dominant reaction partner, as it would call for an
unrealistically high cross section.)

STS-33 Measurements of Growth and Decay

The radiant intensities from this ram-directed firing (in Fig. 2b)
evidence a similar upward curvature in the initial 0.7 s for which
good data are available.*? They fit the yield rate expression for equal
characteristic reaction times [(Eq. 10)] with t = 047 £+ 0.03 s
and an asymptotic power output in the S-20R interval of 0.34 +
0.03 kW/sr. (These best statistical fits are sensibly the same when the
surface brightnesses are weighted equally and by their magnitudes.)
Although this growth period is about 3 shorter than that derived
from the longer-duration STS-56 data set, the optical power outputs
reached (see Fig. 9) are the same within the estimated error of the
intensified-video photometry.
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Similarly, a plot of visible radiant intensities from the perpendic-
ular firing (in Fig. 2c) is somewhat concave upward before 0.4 s
and then flattens out over the next 0.2 s. (Too much of the emitting
volume lies outside the camera’s field for us to quantify their later
behavior.) The best-fit T is 0.76 £ 0.08 s. These small fractional
statistical uncertainties are again an effect of the camera plate scale
for the STS-33 images; truncation of the data and other experiment
inaccuracies lead to a significantly larger inherent error range.

The total yields of visible light from the wake firing (in Fig. 2d)

-have an essentially constant rate of increase in the initial 0.5 s.-

- That is, no curvature is evidenced by the noisy plot of the sums of
photocurrent over baseline. This observation may be interpreted as
showing that the reactions of the exhaust component(s) responsible
for these AMOS images are taking place on a scale long compared
with 0.5 s.

Solution of Eq. (8) for after thruster shutoff shows that as z,
approaches 1, the decrease of radiant intensity becomes closely ex-
ponential, with this characteristic time. We summed the projected-
column emission rates in Fig. 2b over rectangular areas extending
2.2kminto ram and 2 x 0.34 km in the perpendicular (near-vertical)
direction from orbiter. The yield rates from these limited segments
decay exponentially, with characteristic time 1.25 & 0.1 s between
~0.5 and 4.5 s after injection of exhaust ends.*? Since the tracked
body is moving, albeit slowly, into the excited gas,® the recipro-
cal of this period represents a lower limit to the fractional rate of
decrease of total power output in visible photons. (The fraction of
STS-33 wake glow remaining within the camera’s field after shutoff
is too uncertain to allow reliable estimation of decay periods for this
exhaust direction.)

We similarly reduced images of a 240-ms-duration firing*? of
PRCS engines into the windward hemisphere from STS-29 (333 km,
March 17, 1989), obtained by an AMOS video camera whose 5‘(—)-rad
field of view encompassed all of the luminous region. This data set
also showed a closely exponential falloff of radiant intensities, with
a decay period (0.9 + 0.1 s) somewhat shorter than that extracted
from the incomplete STS-33 ram images.

Optical Yields

Figure 9 shows that when the STS-56 interaction reaches a near-
steady state, the total rate of production of SWIR-band radiation that
would be transmitted to AMOS is 100 kW. This yield is equivalent to
one photon per nine MMH-fuel molecules consumed, or roughly 1%
of the engines’ thrust power. The actual exoatmospheric output in
this spectrum interval is significantly larger, as will become evident
when we estimate below the attenuation of candidate rovibrational
features along the slant view path. ’
" The corresponding number of S-20R-interval photons is 1 per
1000 MMH molecules, or <1% of the number of vibrational pho-
tons. Although scattering and absorption in the visible are both small
and (unlike SWIR) only weakly dependent on wavelength, this yield
has an estimated £50% inherent error due to uncertainty in the ex-
posing spectral distribution.

The ratio of power output within the two STS-56 wavelength in-
tervals varies with time after ignition as indicated in Fig. 9. Extrapo-
lation of the STS-33 radiant intensities when the interaction volumes
remained confined to the video camera’s field (from Figs. 2b-d)
leads to an estimate-*? of ram:perpendicular:wake & 60:30:1 after
2 s. This ratio is of course also changing during the initial unsteady
exhaust flow.

Volume Emission Rates

The maximum radiances of the STS-56 glow (Fig. 10) peak before
0.5 s and decrease slowly during the slower-expansion period be-
yond 1 s. A similar, but less pronounced, early maximum is observed
in the STS-33 ram exhaust interaction.*? The mean radiances in the
S-20R wavelength range are very much higher than those reported®
for the O 1 forbidden red lines, which shows—or at a minimum
very strongly suggests—that this nominally directly excited spec-
trum feature® represents only a small part of the visible-range image
signal. ‘

The interaction region can be readily shown to reabsorb a negli-
gible fraction of the candidate infrared radiations considered in the
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Fig. 11 Relative central volume emission rates in the STS-56 interac-
tion glow (scaled for comparison of time dependences).

next section, and would be optically thin to visible-range molecular
bands also. Volume emission rate distributions that result in Gaus-
sian surface radiance profiles of cylindrically symmetric such glows
are also Gaussian, with the same width parameter. Figure 11 is a plot
of the central volume emission rates extracted from these maximum
brightnesses and the best-fit (i.e., smoothed) maximum transverse
widths of the STS-56 glows in Fig. 7. These volume emission rates
refer to the outward-moving axial locations of these peaks shown
in Fig. 4, rather than some fixed posigrade distance from orbiter.
In practice, they could be as much as 25% higher elsewhere within
the luminous volume, as their values in our definition are strictly
speaking maxima only when this region is spherically symmetric.
This local power output in electronic emissions can be seen to de-
crease by almost two orders of magnitude after the first useful video
frames. The corresponding relative change in volume rate of emis-
sion of rovibrational bands is definitely smaller, which is in the di-
rection expected when luminescence results from a single-step reac-
tion with the (depleted) atmosphere. (The about constant-appearing
SWIR data points before 0.3 s are extrapolated from Figs. 7 and 10
and thus are less reliable than the data for later times.) This central
visible-interval volume emission rate varies roughly as ¢~ in the

. initial 1 s. Such a dependence would result from the linear growth

of the radiating volume in each dimension combined with the afore-
mentioned square-law increase in total output power that fits a chain
of two reactions with comparable rates when ¢ < 7; that is, it fol-
lows from ¢~3 x ¢2. This simple empirical argument is less applicable
to the SWIR, where the measurements of yield rates and effective
dimensions are sparse and uncertain during the brief initial period
when 1 — exp(—t/t) can be approximated as 7/7. Nonetheless, the
SWIR data points between 0.4 and 1 s do give some suggestion of
the expected dependence on ¢ =3 x ¢! = 72,

Exoatmospheric Emission Yields

Excitation and attenuation by the atmosphere of rovibrational
bands potentially responsible for SWIR from ram-directed exhaust
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interactions were estimated*® by applying an adaptation of the
SOCRATES Monte Carlo model,’® which numerically treats un-
steady reactive flows in the transitional-flow®® regime. The inelastic
cross sections and internal temperatures applied are largely based
on recent measurements,!5~'® with some further input from older
sources.'*32:44.45.47 (Particulars of the reanalysis of the recent labo-
ratory data on radiations from hypervelocity H,O-O collisions are
presented separately.)

Dependence on Time after Turn-On

The calculated SWIR radiant intensities from each of the neutral-
atom-interchange and nonreactive processes [Eqs. (1) and (3-5)]
grew into asymptotes with characteristic exponential times within
30% of the 0.4 s observed; the fronts moved to windward, as
shown in Fig. 4. The density of undisturbed background air is near
-10° cm™3, and cross sections for elastic collisions of the closely 10°-
cm s~ !-relative-velocity combustion species are of order 2 x10~1°
cm?. Thus this period this may be interpreted as the mean time to
this first collision [(10° x 10° x 2 x 107!%)~! 5], which has. the
effect of reducing the kinetic energy below thresholds for exciting
vibrational states.

This interpretation is also consistent with the approximately 2-km
axial dimension of the radiating ram volume after 1 s. The spatial
distribution of SWIR glow is thus largely determined by elastic
collisions, which is not surprising in that their cross sections are
at least an order of magnitude higher than those for internal ex-
citations (with the exception of H,O v;), or atom interchange. [In
this regard, its time dependence shows that the aforementioned re-
actions of H,O and H, with O(!D) that may be produced in the
interaction volume do not contribute significantly to the SWIR
signal.]

Transmission by the Atmosphere

Absorption of these infrared radiations along the path to AMOS
was calculated line by line,*® using a nonequilibrium spectral model
that approximates the distributions of levels for each vibrational
mode and rotation by individual temperatures. The spectral distribu-
tions for H,O were based, with the important modification noted in
the next paragraph, on the classical theoretical cross sections for its
excitation®? in several-electron-volt collisions with O. (N, has a very
much lower probability of exciting H,O stretch modes.*) Doppler
shifts due to the radially directed velocities of the interaction volume
were calculated to have only negligible effect on transmission of its
water-molecule bands through the cooler water vapor of the lower
atmosphere. The temperatures for OH were based on a reanalysis,
to be briefly outlined in the following paragraphs, of spectra from
recent hypervelocity oxygen-atom beam experiments!!!7; those for
CO came from fits to the optical data from an on-orbit gas release.!

A separate calculation*® based on a classical model of rotational
cascade showed that the effective rotational temperature for the
'0.2-s-lifetime H,0 100 — 000 (v, ) transition would be substantially
reduced (to near 1000 K) by radiative relaxation of the higher-lying
rotational states. Similarly, the v, vibrational band(s) would be so
cooled that only a negligible fraction would extend down to the
infrared camera’s response wavelengths. The absence of identifi-
able bending-mode emission from H,O™ in the spectra of outgassed
water’’ indicates that the even less readily excited stretch-mode radi-
ations of this molecule are also not contributing to the SWIR signal;
therefore no calculation of their attenuation was indicated.

The effective transmissions to the image plane thus derived are
0.4 for the OH Av = 1 sequence excited by atom transfer from
H,0 [Eq. (1c)], 0.2 for the CO Av = 2 sequence, and 0.2 and
0.2, respectively, for the overlapping H,O v; and v; bands. That is,
the infrared camera’s current outputs per photon/s from each of the
primary-candidate exoatmospheric processes lie within a range of
a factor 2. (Code runs with a different water-vapor profile showed
little change in these band transmissions.*?)

CO/CO2, Nz, Hy

Reactions of these principal exhaust components [Egs. (3-5)]
were found on further investigation to make only small contribu-
tions to the large steady-state infrared yields measured. The cross

sections!*>!® for production of CO (X, v > 2) at 8 km/s relative to
elastic scattering, along with the <10% branching into its overtone,
lead to less than 1% of the observed signal; in conséquence, an un-
realistic increase in these excitative cross sections of at least a factor
100 between velocities of 8 and 8 -+ 3.5 km s~! would be required
for the reactions (3) to become significant. Similarly, applying the
upper-limit atom-exchange cross section inferred from an N, gas
release!® for the reaction (4) would result in only a very small frac-
tion of the SWIR photons (hence no transmission calculation was
made for the NO overtone).

The reaction (5) leading to OH (X, v=1) has been shown
theoretically**~*! to proceed only when the (hypervelocity) hydro-
gen molecule is vibrationally excited. With the highly questionable
assumption that the 3200-K temperature of the PRCS combustion
chamber is frozen in to the vibrational distribution of exhaust H,,
these calculated state-to-state cross sections would result in about
10% of the observed SWIR yield.

H;O

Broadband spectra from laboratory bombardment of water vapor
by 8 + 1-km s~! oxygen atoms'"!7 showed emission between 1.3
and 2.0 wm, comparable with that in a peak extending from about

2.6 to 3.7 um. The wavelength distribution, corrected for transport

out of the sensor’s field of view before radiative decay, can be fitted
by hydroxyl with 7000 & 1000-K vibrational and 1500 4 200-K
rotational temperatures.*® This (as yet unverified) observation of
emission shortward of 2 yum is a major factor in favoring the atom-
exchange reaction of H,O with O as the principal source of the
longer-wavelength radiation imaged by the infrared camera. Rela-
tively high transmission of the OH fundamental sequence to AMOS
is a qualitatively supporting consideration, as it results in a more
plausible (lower) yield of SWIR photons than would the H,O stretch
bands. .

Direct impact excitation of water molecules [Eq. (1a)] would not
satisfactorily explain the laboratory spectrum. If a major fraction
of the shorter-wavelength peak were a result of their multimode
transitions (in particular 110 and 011 — 000 near 1.9 pmy), their
single-quantum stretch bands above ~2.5 um (001 and 100 — 000)
would have been far more intense. In addition, the spectral extent of
the longer-wavelength peak is less consistent with the rotationally
relaxed H, O stretch distribution predicted than with the fundamental
sequence from OH that would accompany its first overtone.

The aforementioned vibrational temperature, if it applies to all
upper states, would result in too little red~yellow higher-overtone
(4-0, 5-1, and 5-0, ...) hydroxyl emission to affect significantly
the visible-band AMOS images. This observation is borne out by
both the ground-based spectra® and the measured time dependence
of visible yield rates. OH at these fitted temperatures would lead
to 1 SWIR photon emitted per 3 (£1.5) MMH fuel molecules con-
sumed, or per 6 (3) H,O molecules exhausted. The latter figure
follows from an optical cross section somewhat above 10716 cm? at
5.8-eV mean rest-frame energy; vibrational cascade wouldlead to a
mean excitative reaction cross section for the reaction (1¢) roughly a
factor two smaller, or an order of magnitude below the cross section
for elastic scattering of H,O by O.

Discussion

A principal finding from these images of the diffusive expan-
sion of windward-directed PRCS exhaust gases is that rovibrational

“emission is directly excited in single collisions with background

air while the visible electronic emissions detected involve an in-
termediate reaction. This first step proceeds with a rate coefficient
very near that of the chemiluminescent reaction(s), and gives strong
evidence of involving the same ambient species, atomic oxygen.
That the visible ram glow volume becomes larger than the SWIR
after the initial ~1 s of near-injection-velocity growths is consistent
with such a difference between the orders of the excitation pro-
cesses, as its precursor species would be diffusing outward. The
component of forbidden red oxygen-atom lines directly excited® is
not sufficiently strong to affect the time dependence of visible radi-
ant intensities, within their precision of measurement by the AMOS
tracking camera. As excitation cross sections derived from the grow-
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in (and decay) times of these output rates are close to geometric,
only an unrealistically large rate coefficient could have obscured
an intermediate step in populating upper states of the vibrational
transitions.

The exoatmospheric yields of 2.3-3.6-pm photons from ram in-
teractions depend on the rotational development of vibrational bands
whose optical cross sections at hyperthermal impact velocities are
not well understood. Primarily recently available input information
was applied in preliminary model calculations of the irradiances
that would be transmitted to the mountaintop observatory in ener-
getically allowed, high-branching-ratio molecular band systems.*®
The Av = 1 sequence of OH (X2IT) emerges as the most plausi-
ble dominant source of the SWIR camera signal at closely 5.75-eV
center-of-mass kinetic energy. [At the = 3 eV of outgas, the reaction
(1c) appears to be producing few hydroxyl radicals in high rotational
states.>’] Application of its expected spectral distribution leads to an
estimate of one such photon emitted per three fuel molecules con-
sumed when ram PRCS exhaust interactions attain a quasisteady
state, and a physically reasonable magnitude of the absolute cross
sections for the excitative atom-exchange reaction (1c). »

Outgassed H,O has also been found to become collisionally ex-
cited; thus fundamental cross-section and internal-state distribution
data could be obtained from onboard spectroradiometry of water
released in low orbit. (Routine liquid ventings from the Space Shut-
tle, for example, result in some two orders of magnitude higher col-
umn densities of vapor than its mean outgas.) Measurement in the
hydroxyl first overtone sequence from exhaust interactions would
be particularly effective in determining yields in OH fundamen-
tal bands, as well as for assessing the part played by the reaction
(5). Such spectra would be readily interpretable, as the lower at-
mosphere is relatively transparent in the near IR (but unfortunately
bright at OH-rotation wavelengths). In this regard, high-resolution
(4 cm™1) spectra of the natural OH Av = 2 nightglow with roughly
two orders of magnitude lower radiance can be obtained in ~100
s with sensors of modest light grasp,’ so that achieving a similar
signal/noise ratio from AMOS on the ~0.5-s time scale of exhaust
interactions should present little experimental difficulty.

The corresponding number of visible-range photons from ram
glows, which depends much less strongly on modeling of exoat-
mospheric yields and atmosphere transmissions, is 0.001 per MMH
molecule. This low figure supports the previous inference that most
of this radiation has its origin in the 1073~10~2 fraction of directly
exhausted labile fuel and product species associated with the vari-
able mixing ratios and temperature® within PRCS combustion cham-
bers. The kinetic complexity apparent in the AMOS video data is
consistent with chemiluminescence originating from minor rather
than direct excitative atom interchange and nonadiabatic collisions
of major exhaust components. 43

The decrease in visible radiant intensity with increasing angle be-
tween the combustion-gas stream and the spacecraft trajectory can
be interpreted as due to a potential barrier for (at least) the first reac-
tion step.! This readily measured, time-dependent total emission rate
and the radiance patterns from which it is derived (Fig. 2) are princi-
pal elements of the optical signature of liquid-bipropellant thruster
firings. These observables serve as a basis for remote sensing of this
angle (as well as thrust assessment) for tracking and surveillance
of space vehicles powered or oriented by rocket motors of similar
design.

As the visible-range and SWIR transverse-column emission rates
are symmetric about the thrust axis in direct ram and wake injec-
tions, straightforward unfolds extract volume emission rates, which
are the more fundamental physical quantities. (No radiation from
the hemisphere rearward of operating thrusters is detectable in the
~ AMOS images.) Beyond 1 s the maximum ram volume emission
rates become smaller by two orders of magnitude in the visible and
more than one order of magnitude in the SWIR than the highest ear-
lier maxima, in accord with the reduction in densities of the oxygen-
atom reaction partner predicted by explosion-dynamics theory.?

Conclusions

Computational models of the exhaust and background gas densi-
ties, applied with these measured volume emission rates, would

result in improved rate coefficients for the infrared and visible
Iuminosity-producing (or particle energy-degrading) processes. Fu-
ture PRCS firings to refine the measurements reported here need
extend over only the ~2 s in which the interactions from all exhaust
directions come to essentially steady states; images encompassing
previously disturbed air over a somewhat longer period after pre-
cisely known thrust turnoff would provide further reaction-kinetics
and species-transport data. Our analysis of the data available shows
that passive remote sensing of both the visible and infrared emis-
sions locates the high-relative-translational-energy component of
the flowfi€lds.

Quite obviously, spectra (preferably space-resolved), comple-
mented by photographs in defined wavelength intervals, are needed
to identify the emitters and determine how they are being excited.
This information would allow scaling of the contaminating optical
foregrounds/backgrounds from spacecraft effluents to further flight
altitudes and spectrum regions. Radiances in the ~1.3-1.7-um over-
tone bands of hydroxyl would be particularly effective in assessing
the relative contributions from OH and H,O (and reactions of ex-
haust H,) to the ~2.5-3.5-um SWIR emission.
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