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OH(A—X) emission bands have been observed in the molecular beam jets produced by Space Shuttle engine
exhaust using the GLO imager spectrograph located in the payload bay. Spectra were collected at a resolution
of 4 A for both daytime and nighttime solar illumination conditions, all at an altitude380 km. A spectral
analysis is presented that identifies and quantifies four separate OH(A) excitation processes. These include
(i) solar-induced fluorescence of the OH(X) in the exhaust flow, (ii) solar-induced photodissociatio®of H

in the exhaust at the strong Lymansolar emission line (1216 A), (iii) solar-induced photodissociation of

H>0 in the far UV, at shorter wavelengths than Lymarand (iv) luminescent collisions between atmospheric
species and exhaust constituents, most probably the reactibtnH2O — OH(A) + OH(X). Process (i)
produces a very rotationally cold and spectrally narrow component due to the rapid cooling of the OH(X) in
the supersonic expansion of the exhaust flow. Processes (ii) and (iii) produce extremely excited OH(A), not
well characterized by thermal vibrational or rotational distributions. The 8,0 chemiluminescent reaction

has a substantial activation energy, 4.79 eV, and is only slightly above threshold for the ram geometry, where
the engine exhaust is directed into the atmospheric wind. Evidence for process (iv) is observed in the night
ram but not the night perpendicular exhaust atmospheric interaction, consistent with the threshold energy.
Through the use of a nonequilibrium spectral emission model for OH, the integrated intensity, spectral
distribution, and OH(A) internal state characterization for each of the above processes was deduced. Additional
confirmation of the analysis is provided through the use of a model simulation of the space experiment to
predict the total integrated intensities for processes (i) and (i), for which the underlying spectroscopy, absorption
cross sections, and solar excitation intensities are well established. Analysis of process (iii) has established,
for the first time, a value for the far-UV conversion efficiency of absorbed photons to OH(A) photons of
0.26, which is twice the established value for Lynmandnder the assumption that © H,O collisions are

the source of process (iv), the analysis has established a chemiluminescence cross section at ram conditions
of 1.7 x 1072 A2, Evidence of OH(A) emission bands from predissociated vibrational levels suggests that the
total reaction cross section for process (iv) may be significantly higher. While this cross section assumes a
single-step reaction of O with 4@, the possibility of a two-step process of O with other plume species has
yet to be explored.

I. Introduction a laboratory because experimental approaches either lack the
Over the years, significant advances have been made innecessary sensitivity due to low number densities and small

laboratory experimental techniques to study the gas_phaseobservation volumes, or do not provide the necessary control

dynamics of chemical reaction systems in ever-increasing detail. Of reactant energies and densities. Remote passive optical
However, there remain systems that are difficult to capture in observations of natural and man-made space-based environments

have the advantage of overcoming the shortage of emitting
T Part of the special issue “Charles S. Parmenter Festschrift”. species in a laboratory. In instances where the coupled chemical
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processes are well characterized, they can provide a more direchozzle led to the conclusion that the band arises from lumines-
and sensitive measure of a chemical rate coefficient. For cence produced by atmospheexhaust collisional inter-
example, a number of rate coefficients of radieadical actions!®

reactions have initially been determined from observations of ~Attempts have been made to reconcile the observations
astrophysical environments in conjunction with laboratory through direct simulation Monte Carlo (DSMC) calculations of
studies; a specific example of such a reaction is the radiative the orbital environment assuming the reactfo#

association reaction'C+ H, — CHz' + hv. This reaction was 3 et )

postulatedto provide a formation mechanism for the observa- ~ O(CP) + H,0 —~ OH(AZ") + OH(X'TI) — 4.79 eV (1)

tion of CH in the interstellar medium. A rate coefficient 0&3 ) )
10-16 cnd s~ was first derived from the observation and from Note that the reaction threshold exceeds the chemical energy

available from the kinetic energy of the oxygen atoms alone.
This channel is opened only when the exhaust jet of the engine
laboratory measuremefthave shown the rate coefficient to IS d'rQCted Into the a@mospherlc W'.nd’ where the exhauﬁ_ H
be (7.0+ 3.5) x 10~ cnd 5L, velocity provides add|t|_or_1al transla_tlonal energy to the collision
. system. The rate coefficient for this chemiluminescent process

As demonstrated recentfy, molecular beams emitted from 55 ot been measured, nor has it been calculated. Previously,
a low Earth orbit (LEO) spacecraft engine, such as a Space nggelers estimated a rate coefficient from the Arrhenius form
Shuttle Primary Reaction Control System (PRCS) engine, offer of the temperature-dependent rate coefficient reported for the
an attractive means to observe luminescent processes that followeaction leading to ground state hydroxyl molecdfeé8adjusted
from the hyperthermal interaction between the beam speciesfor the activation energy as well as for the fact that only one
and the ambient atmosphere. At typical LEO altitudes €200 OH product is electronically excited:
400 km), the thermosphere consists~070% atomic oxygen
and ~25% N,. Because the spacecraft orbit velocity is ap-  k, =3.8x 10 *T"*exp(—E/KT); E,=4.79eV (2)
proximately 7.8 km s!, an oxygen atom penetrates the
spacecraft environment with a “laboratory energy” approaching This estimate has been reported to lead to a substantial
5 eV, depending on the orbit inclination and the atmospheric overprediction of the absolute OH{AX) radiance'621Erofeev
corotational speed. This results in an average center-of-masset al?? provided an estimated upper limit of 1A2 for the
collision energy exceeding 2.3 eV for collisions with® a emission cross section based on the analysis of radiance
primary species of a contaminant cloud that engulfs the orbiter. observed when a Soyuz engine was fired into the atmospheric
Water is also a major species in the exhaust emanating fromwind. This is approximately 2 orders of magnitude less than
the spacecraft maneuvering engines. The flow from these the rate law applied in the models.
engines has the characteristics of a supersonic jet with free- Orient et ak® conducted crossed-beam measurements of O

flow velocities exceeding 3x 10 m s, thereby adding  + H2z0 collisions using a sophisticated fast-atomic oxygen beam
additional kinetic energy to collisions with atmospheric con- and observed unresolved UV emissions in the 364@00 A

stituents. Consequently, experiments conducted from a LEQ "ange. Although the onset seemed to be near the threshold
platform can be exploited to investigate the dynamics at energyforQI—_|(_A) formatlor),the signal-to-noise level was poor,
hyperthermal translational energies that are difficult to create so that definitive conclusions could not be made about the

in a laboratory. Knowledge of the precise orbital conditions and efficiency .Of reaction 1, nor could an estlmaFe of the absolute
L . . cross section be made. More recently, Matsika and Yarkony
optical interference sources then permits the extraction of rate

ficients for lumi It th tioni reported calculations of the potential energy surfaces associated
CO€THcIents for juminéscence processes. 1t1s worth mentioning i, reaction 1. Two conical intersection seams were identified
here that contamination, especially® from outgassing and

- through which the ground state reactants can access the
from thruster exhaust, affects all space or space-bound vehiclesgecironically excited product surfaces. The lowest energy points

as has been shown for rockétsfor the Space Shuttfé®and of the seams are at collinear geometries, which represent an
has been demonstrated in laboratory simulatiéns. important constraint on the initially bent system. This suggests
During the 1990s, a suite of imagers and spectrographs calledthat reaction 1 is possible but inefficient near threshold, and
GLO was successfully flown on five different missions in the other processes could compete in producing the observed
Space Shuttle bay providing a wealth of optical data of the Spaceradiance.
Shuttle and near-Earth optical environment covering an unprec- Other important sources of OH(A) in the spacecraft environ-
edented spectral range, 1158000 A, at resolutions ranging ~ ment (high-density flame reactions excluded) are the photo-
from ~4 (UV) to ~10 A (IR)1112One of the more puzzling  induced processes:
observations of the GLO experimedésand of parallel, lower
resolution measurements taken from the space statioA*Nfr, H,O + hv = OH(A) + H ©)
was a prominent band centered at 3086 A that was observed in
darkness during spacecraft maneuvers where the engine was OH -+ hw — OH(A) )
fired dllrectly into the atmospherlc wind. From the high- These processes can be expected to be prominent in day-lit
resolution GLO measurements it was concluded that the UV conditions. Process 3, however, must also be considered in the
band was due to OH Z*—X?I1 fluorescence. The radiation  pight sky, where there is still significant VUV radiation from
was most prominent at many tens of meters from the engine resonant atomic scattering from Earth’s geocorona, especially
nozzle, where it can be safely assumed that the exhaust jet hagyhen the sun is not far below the horizon. A primary contributor
reached terminal and very cold translational and rotational of process 3 is H Lymau radiation at 1216 A that provides
temperatures in the supersonic expansion and is subject to freesufficient energy to produce OH(A) with significant rotational
stream conditions. The fact that the emissions were more and vibrational excitatio®>~2” There is a substantial concentra-
prominent at distances beyond 10 m than immediately after thetion of OH(X) present in the exhaust of space engines due to

a postulated chemical mechanism. Later calculation of this rate
coefficient derived a value of 101615 ¢cm? s~1, More recent
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the high temperatures arkinetically controlled conditions

within the engineg8-30 Depending on the type of engine, the

mole fraction may reach values as high as 40°3. In contrast,

equilibrium estimates of the exhaust OH(X) mole fraction are

insignificant,<107%. Direct solar excitation of OH in the engine

exhaust (reaction 4) is expected to produce rotationally cold

OH(A) emission. A high-resolution spectrograph should thus

be capable of differentiating between the photoinduced processe:

3 and 4. Ram Day
A key hindrance to a persuasive interpretation of the observed ~ 39%km

OH(A) radiance has been the lack of quantitative, high-

resolution, fully reduced spectra taken at different, well- = |

characterized space environmental conditions. Unlike laboratory 2SLRLOS

experiments, remote sensing conditions are rarely fully repro- !

ducible, and a proper analysis depends on knowledge of many

geomagnetic and measurement geometry parameters. The

validation of a chemical model depends on the comparison of

a significant number of measurements at known conditions. The

present work is the result of a concerted effort at reducing and gigyre 1. Overview of the orbital and measurement geometry for the

closely examining a vast set of spectral data stemming from analyzed GLO data obtained during the STS-63 mission.

the GLO missions with particular emphasis on the OH#

band emissions. A small subset of these data is analyzed andTABLE 1: Mole Fractions, , of Chemical Constituents

presented in this paper. For the first time, daytime and night- cajculated for the Exhaust of a PRCS Shuttle Engine
sky spectra are compared, providing additional information on

Ram Night
388km

Earth Earth J,

sources of OH(A). We also compare night-sky spectra where _SPS%'®S X species x
the exhaust is directed both into the atmospheric wind (ram) N2 0.33 H 0.042
and perpendicular to the velocity vector of the orbiter, thus gé’ g-g% gg g.g(lJé4
providing a direct comparison between radiances at different Co, 0.09 H 0.02~

exhaust-atmosphere interaction energies. In the following ] i

section, the orbital conditions of the respective GLO mission,  ° 1he calculations are based on work by Viereck eval.

GLO-2 on Space Shuttle mission STS-63, the GLO instrument, ) o

the spectral data reduction procedure, and the chemical con-_ "€ primary source of water contamination on the Space
stituents of the Shuttle engine exhaust will be briefly described. Shuttle is from engine exhaust; a secondary source, the
In section Ill, we present a representative survey of spectral 0utgassing of surfaces, is particularly important in the early
measurements at different conditions, the spectral analysis of aPhase of the flight?*>After a day or two, outgassing becomes
subset of measurements, and the quantification of photoinduced€SS important and the pressure in the environment of the Space
processes using a one-dimensional model that takes opticaIShUt“e becomes compara_ble to the ambient pressure. In this
opacity into account. In section IV, we discuss the results in Paper we analyze the optical signals generated by the most
the context of reaction 1 and derive an emission cross sectioniNtense and the most persistent of these sources, namely the

that we compare with predictions from the previous estimate €xhaust of engines. The data pertain to the 870 Ib thrust PRCS
of eq 2. engines that use @,—monomethylhydrazine (MMH) fuel. The

products of the exhaust based on nonequilibrium calculations
are shown in Table 1t is estimated that a PRCS firing lasting
Il. Experimental Section 0.72 s releases 5.5 10% neutral molecules or atom$.For
the experiments reported here, typical firings lasté&ss, leading
A. Space Experimental Conditions.The data presented in  to a total number of neutrals ejected of2 x 10?5 The
this work were acquired from GLO-2 aboard the STS-63 Space implication of the composition data is that there is sufficient
Shuttle mission that occurred on February1d, 1995. The OH for direct excitation of, and D for chemical reaction with
orbital inclination angle was 51°60 accommodate a rendezvous oncoming ambient O atoms, respectively.
with the space station Mir. Figure 1 provides a schematic of A large number of exhaust-induced optical spectra have been
the STS-63 orbit. At the~390 km operational altitude, the examined for different PRCS engines and firing geometries.
oxygen atom densities ranged between a nighttime minimum Figure 1 provides an overview of the engine firings and the

of ~2 x 107 and a daytime maximum of8 x 10’ cm3. The GLO instrument position and line-of-sight (LOS) which pro-
thermospheric temperature for the present mission varied duced the spectra presented in section lll. We present both
significantly with respect to latitude and local time frorY00 nighttime and daytime measurements at exhaashosphere

to 960 K. The thermospheric parameters associated with ainteraction angles of attack of 18(ram) and 90 (perpendicu-
particular measurement were retrieved from the MSIS thermo- lar). A significant number of spectra at perpendicular night
sphere modelt—33 The orbital velocity at 390 km is 7.6% conditions were examined. Except at twilight conditions, no OH-
10® m s Assuming corotation of the thermosphere, the (A—X) emissions could be identified. Table 2 provides the
spacecraft velocity with respect to the atmosphere rangesimportant parameters of the engine firings associated with the
between 7.37 and 7.38 10° m s! in the present westeast spectral recordings presented in this work. While the local time
orbit, dependent on the orbiter latitude. It is worth mentioning difference between the daytime measurements is significant, in
that observations suggest that dynamic interaction between theactuality, they were recorded only 6 min apart in universal time
ionosphere and the thermosphere induces thermospheric supefUT). The orbit leg defines whether the velocity vector at the
rotation, leading to a-68% faster rotation than the Earth. time was in a northksouth (descending) or southorth
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TABLE 2: Summary of Important Parameters Associated with the Three PRCS Engine Firings Depicted in Figure 4

firing localtime  altitude (km) lat. (deg) long. (deg) leg ve (1Pms?)  T(K) [O] (107 cm™9)
ram day 9:26 397.2 -31 283 descending 10.87 801 4.50
perpendicular day 11:32 403.5 —45 305 descending 8.156 837 5.41
ram night 19:27 388.0 8.5 142.5 ascending 10.88 767 3.04

aLat. and long. refer to the shuttle latitude and longitude position; leg defines whether the shuttle was traveling ir-assthufascending) or
north—south (descending) direction is the nominal relative velocity between O atoms and exhaust molecules assuming an exhaust velocity of
3.5x 1® m s71.2830T and [O] are the thermospheric temperature and oxygen atom density, respectively, as determined with the MSIS thermospheric
model3-3362 All engine firings occurred on February 10, 1995.

(ascending) directiornuye is the relative velocity given by

OH(A23+-X21T)

Vet = Vel (5)
rel rel 3000
Vel = Vorb — Veor + Vex 25004
< Ram Day
. . : . . @ 20001
wherevy is the orbiter velocity vecton,, is the atmospheric <
corotation vector, andle, is the exhaust velocity vector. An B 1500] Perp. Day
axial exhaust velocity of 3.% 10° m s~ was assumed, which £ 1000 ammPerp. Day
originates from the exit velocity of 3 10° m s! plus an 5001
additional 0.5x 10® m s™* attained in the vacuum expansiét° N Ram Jight (2X)
The ram measurements involved the L2L engine, while the 2700 2800 2900 3000 3100 3200 3300
perpendicular measurement observed a firing from the L2U Wavelength (A)

engine. The instrumental pointing directions are shown in Figure Figure 2. GLO spectral data corresponding to measurement geometries
1. For the ram day measurement, the azimuthal angle of thedepicted in Figure 1. The spectra have been vertically displaced for
spectrograph was95°, as referenced with respect to the orbiter Presentation purposes.

main axis. The elevation angle wa%\gith respect to the image
plane of Figure 1. At this viewing geometry, the line-of-sight
intersects the thrust axis at a distance-60 m from the nozzle
exit, thereby avoiding emissions from the hot nozzle area of
the exhaust while observing substantial column densities of the

exhaust atmosphere interaction region. In the perpendicular day PuPlication I ductionTh g g
measurement, the elevation angle was, 98sulting in a LOS C. Spectral Data Reduction.The GLO data are processe

parallel to and displaced by5 m from the thrust axis. and analyzed using two utility programs, SIBYL and GLOview,

B. The GLO Instrument. The space-borne GLO instrument prqvide(_d by the Llﬂ'ar and Planetary Laboratory of the
has been described in detail before and was placed in the real’NiVersity of Arizona:* SIBYL handles the data returned from

section of the shuttle bay during the STS-63 mission (see Figure! CCP spectrographs and imagers, while GLOview visualizes
1)5 It comprises a nine-section spectrograph, three monochro-the geometric viewing parameters such as the spacecraft position

matic imagers, and a TV camera, all boresighted to view in the with respect to Earth, the sun, and the stellar background, the

same direction. The spectrograph and imagers have intensifieg-CLO instrument pointing direction, and the orientation of the

CCD (ICCD) focal-plane detectors. The nine slightly overlap- SPectrograph slit and imagers. Using the SIBYL program, a
ping spectrograph sections permit simultaneous recording of thetypical spectrum is obtained by the following procedures: An

spectrum from 115.0 to 900.0 nm with a spectral resolution of OPtical background hyperspectral image is obtained by identify-

about 4-10 A. Their combined focal-plane image is 4500 pixels N9 an image frame recorded shortly prior to the engine firing
wide in the wavelength (dispersion) dimension, perpendicular & the Same pointing geometry. The exposures are then normal-

to the slit, and 192 pixels in the spatial dimension, along the ized with respect to time (1 s), and bad pixel data are removed.
slit. The slit image at the detector is a narrow portion of the

A mission and spectrograph section dependent transformation

image of the distant object being observed, preserving spatial'S €N applied to the pixel array in order to properly align the
resolution in the slit-length direction. The design of slit and slit dimension with respect to the vertical axis of the array. The

foreoptics affords a field of view of 0.2 8.5°. The spectrograph background data are then subtracted from the exhaust recording,

was designed to record simultaneously as much information as@"d @ Spectrum is obtained by generating a sum of pixel rows
possible from a single column of gas, with a spectral resolution tat cover the slit range of interest. The spectra are then
good enough to determine the intensity and the rovibrational calibrated with respect to wavelength and the_ intensity Is
structure of molecular emissions. converted to an absolute scale (R'A1 R= 1 rayleigh= 10°

The instrument head is mounted on a scan platform that canPotons cm? s~ integrated over all angles) with the use of
rotate the field of view in two orthogonal directions (azimuth 'CCD spectral sensitivity curves.
and elevation), thereby permitting viewing in almost any
direction. The TV-camera image is used while in flight to select
the view direction, track the day or night Earth limb, and hold ~ A. Space-Based Spectral MeasurementsSpectra in the
stars steady in the spectrograph slit for spectral calibrations and2700-3300 A spectral range are presented for ram and
occultation experiments. A computer is dedicated to carrying perpendicular day and ram night conditions in Figure 2. They
out preprogrammed, complex experiment sequences that aravere originally recorded frm a 2 sexposure at a resolution of
time tagged and/or ground commanded. The instrument is4 A. The figure also includes a difference spectrum between
therefore autonomous and capable of continuous operationthe two daytime spectra. Except for the ram night spectrum,
throughout a 14-day mission. Science and engineering data arevhich is expanded by a factor of 2, all of the spectra are plotted

returned on communications links via the TDRS satellites at a
total data-return rate of 1.5 Mbits/s. A rewriteable 512-MB
optical disk records during loss of signal on the TDRS link.

Data acquisition and downloading are described in separate
5%3,36

Ill. Results
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on the same vertical intensity scale. Structure due to the OH- Perp. Day
(A—X) 0—0 and 1 bands near 3080 A (terméd = 0 bands) 3000
is apparent in all of the spectra. N@(band emissions can also
be identified and are attributed to solar-induced fluorescence
of NO in the exhaust. A substantial Ng(signal is expected,
since the NO exhaust mole fraction is larger than that for OH
and the integrated absorption strength of NJd§¢ much larger
than that for OH(A). Because the N@(absorption is quite
optically opaque, the observed fluorescence will be quite MMm’e' Fit
sensitive to the geometric position o_f th_e_ detect_or, exhausF flow, 3700 5800 2900 3000 3100 3900 3300
and the sun, as reflected by the significant differences in the
ram and perpendicular day observations. The/N®é&nds will

not be further discussed in this work, except that they interfere Figure 3. Comparison of the model fit to the perpendicular day GLO
with the OH(A) Av = —1 bands at~2800 A. The similarity data. The data curve has been vertically displacee-690 R/A.
between the ram and perpendicular OH(R) spectra in

daytime, with respect to both structure and intensity, suggeststhe upper and lower electronic states are specified, typically in

that these emissions are primarily attributable to photoexcitation terms of separate effective vibrational and rotational tempera-
processes. tures, for each computational segment of the emittisigsorbing

The signal for the ram night spectrum is substantially weaker pa_th. Each emissiorabsorption line is explicitly ‘?Of‘s'dereo'.
using a precomputed spectral database consisting of line

than the day spectrum, further confirming that photoexcitation I ! ; .
position, integrated strength, pressure broadening coefficient,

plays a major role in the daytime observations. No OH{8 d the vibrational and rotational ies of th dl
emissions can be identified in perpendicular night measurements'd 1€ vibrational ana rotational energies ol the upper and lower

(not shown in Figure 2). The difference spectrum of the day electronic states. While this code, which has a line position

measurements also reveals a broad band that, upon closeficcuracy of-1cnr, is adequate for the an_alysis reporteq_hgre,
inspection, has features similar to the ram night spectrum. The e note the more recent development of similar nonequilibrium

comparison is somewhat obstructed~a8090 A due to the OH(A) emission models with somewhat improved spectral

higher intensity of the most intense OH{X) feature in the acguracy ?nd'mtens;t]y gﬁrlbut;oﬁ%@h f difi
perpendicular measurement. This is attributed to optical opacity tiongrﬁgfelcr?qg%r;t?ot tﬁe cogga')lfﬁljvig::tzi\éizla gwuzg?iolngao- .
effects discussed in greater detail in section II.C. Nevertheless,th OH(A) stat .'f. d individuall P pd total
the similarity between the difference day spectrum and the ram N (A) state were specified individually, and a tota

night spectrum suggests that the broad band at 3100 A is dueylbratlon—rotatlon energy cutoff in the OH(A) state was

to a chemiluminescent process attributable to exhaust introduced. In addition, a rotational state dependent weighting

= n i i
atmosphere interaction, and that this process has a cross sectioa Ctﬁgc\j/\io tﬁe, ;’:’)?;Eg};; ﬂ;e L?;ﬁgﬁQilc,q;anrtgﬂ::gbe;&&afn t
that is significantly larger in the ram than in perpendicular P hop P y

conditions. This is also consistent with the fact that the nighttime g’g&e) ?(;?mg d”\?giﬁg\?o?g? i:éfégg?jlig;tcr:Zg(t)lﬁnosfzggg 2d7 for
OH(A—X) feature is weaker than the daytime difference :

. . . A value ofn = 1 was empirically found to give a reasonable
spectrum, and relates to the lower nighttime atmospheric atomic . -
. . ; fit to the observed laboratory spectréfimfor this OH(A)
oxygen density, as seen in Table 2. In the following, a

guantitative analysis of the spectra is conducted based on theséormatlon process. The simulations were limitecdtas 4 and

: : V" < 3.
tentative conclusions. The spectral parameters providing the best fit are given in

B. Spectral Analysis.The intense OH(AX) band observed  Tapje 3. The individual components of the spectrum are shown
at a perpendicular angle of attack in the day measurements, Figyre 4. From the fits it can be deduced that the most intense
appears to be dominated by photoinduced processes. Asfeatyre is predominantly from solar resonance fluorescence,
mentioned in the Introduction, two photoinduced processes 3 yhich also contributes nearly half of the total integrated OH-
and 4 could contribute to such emissions. These two processega —x) radiance. A rotational temperature of 150 K provides
produce entirely different OH(A) vibrational and rotational  the pest agreement between the calculated and observed spectra.
populations. Direct excitation of exhaust OH withl8100 A The goodness of the fit, however, is substantially improved by
light produces a FranekCondon vibrational distribution and a adding a hot component produced in®photodissociation
rotational temperature governed by the expansion-cooled OH-processes. The integrated intensity attributable to hot OH must
(X) in the exhaust. Lya photodissociation of bO at 1216 A e consistent with known far-UV radiance and the associated
has been shown to yield a substantially hotter vibrational and photoinduced conversion efficiencies. The latter is only known
rotational distribution of OH(A¥%2” Photodissociation of D for Ly-a. + H,02 and results in insufficient intensity to fully
with far-UV radiation can be expected to result in an even hotter reproduce the spectrum. The residual hot OH(A) signal can be
vibrational and rotational distribution, although laboratory accounted for assuming additional photoinduced processes from
measurements of the OH(A) product state distribution have not so|ar lines at shorter wavelengths, referred to as far-UV lines.

20004

Intensity (R/A)

=

o

o

(=]
n

Wavelength (A)

been carried out at these extreme wavelengths. The HO photodissociation contribution involves high rota-
Figure 3 compares the perpendicular daytime spectrum to ational excitation of OH(A) that is not well represented by a
spectrum calculated to provide a best fit of the OHEQ) Av thermal distribution. We have been able to satisfactorily

= 0 features, assuming photoinduced processes (3) and (4) areeproduce the Ly laboratory results of Carringtéh?” by
in effect. The calculated spectrum was generated using aapplying a rotational temperature with an additional statistical
previously developed nonequilibrium radiative transfer cde. factor given by the rotational quantum numbiér,The distribu-
The code computes the emissieabsorption spectrum for an  tions are truncated (Table 3) so that no contributions are allowed
optically opaque inhomogeneous column of thermally and from energetically closed product channels. The OH(A) vibra-
nonthermally excited diatomic molecules. The populations of tional populations from Lyx photodissociation of bD were
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TABLE 3: Parameters Providing the Best Reproduction of the OH(A—X) Perpendicular Day Spectrum and the Ram Night
Spectrum?

component P,(v=0,1,2,3,4) T (K) Wk Emax(cm™) integrated radiances (kR)
Perpendicular Day
exhaust OH T,/ =5 000 150 1 12 000 57
Ly-o + HO 1.0,0.85,0.31,0.04 40 000 K 8 500 27
far UV + H,O 1.0,1.0,1.0,1.0,1.0 40 000 K 12 000 40
Ram Night
reaction OH 1.0,1.1,0.46,0.86, 0.54 4000 1 12 000 21

aT,/ andT,/ are the A state vibrational and rotational temperatWésis the additional weighting applied to account for nonthermal rotational
distributions, andEmax is the cutoff energy applied to account for either predissociation limits (12 008 @nenergy conservatiofi.A vibrational
temperature was used to define the populations ofuithe 0 and 1 levels, an&, = 0 for »' > 1. ¢ Populations from laboratory experimefts.

Fit Components 150+
1000 4 Exhaust OH 100
50
100
' ' " ' 0 Model Fit
(no pre-dissociating v')
— -50
< 100 4 Ly, H,0
€ ~ 150]
z g
2 10 | I‘M‘l £ 100
*g IBaa T =>'|
£ a ]
Far UV H,0 S S0
100 £ ol
(with pre-dissociating v')
50 . . ‘ ‘ . ,
10 2700 2800 2900 3000 3100 3200 3300
2700 2900 3100 3300 _ _ Wavelength A )
Wavelength (A) Figure 5. Comparison of the model fit to the night ram GLO data.

] o ) The calculated spectra have been slightly spectrally degraded for
Figure 4. Spectral components for the model fit in Figure 3 improved comparison. (a) Calculated spectrum includes predissocia-
corresponding to the photoinduced OH(A) emission processes. Notetion: i.e., predissociated states make an insignificant contribution. (b)
the 10-fold expanded vertical scale for the &yand far-UV compo- Calculated spectrum neglects predissociation: i.e., all levels are assumed
nents. to radiate.

obtained from laboratory experimental resdfsThe far-Uv
component has not been previously measured in the laboratoryIn Figure 5b, the ram night spectrum is compared with a
It was assumed that the Lgyrotational distribution would apply ~ modeled spectrum that does not include predissociation and,
and that the vibrational distribution would be considerably hotter therefore, includes emissions frarh= 2, 3, and 4 with steady
due to the availability of>2 eV additional excitation energy.  State populations shown in Table 3. It is seen that the calculated
We have assumed an equal population of vibrational states for(3,2) band reproduces the 2958000 A band remarkably well.
the OH(A) products. The model spectrum also accounts for a weaker feature at 2760
Figure 5 compares the observed ram night OHA A where the (4,2) band would be expectIt is worth noting
spectrum with modeled spectra. The model spectra have beerthat similar bands have been observed in atmospheric pressure
degraded to slightly lower spectral resolution than the data to air plasmas® There are a few features, such as the sharp bands
facilitate the comparison. They were generated with a maximum at 2860, 2890, and 3235 A, that are not accounted for by the
OH(A) internal energy cutoff oEma = 1.5 eV. This corre- calculated spectra for which no source can be identified.
sponds to a reasonable upper limit to the amount of internal ~ C. Integrated Radiance Analysis.The observed integrated
excitation available to the reactively produced OH(A) for the intensities from the solar-induced processes (Table 3) can be
ram burn, taking into account the spread in atmospheric O atomunderstood with reference to a simple model of the space
velocities. The two model spectra correspond to different experiment. The local number density,of the exhaust gases
assumed limits with respect to the effect of predissociation on is given by the well-established Brook exhaust flow mddel,
the OH(A) emission spectrufi-41 OH(A) levels with term
energies exceeding 12 000 cin predissociate with rates _ Aexp(=B(1 — cos#)) ©6)
significantly higher than the fluorescence rates. p R?
In Figure 5a, only the nonpredissociatinig= 0 and 1 levels
were included in the fit along with a rotational temperature of where A and B are motor-specific constant® is the radial
T, = 4000 K. The comparison between the calculated spectrumdistance measured from the “point-source” motor, érisl the
and the ram night spectrum, however, indicates significant angle measured from the thrust axis. The representation of the
intensity between 2950 and 3000 A that is not reproduced by flow as a point source is valid for distances beyeriD nozzle
the modeled spectrum. It appears that slightly too much baselineexit diameters. It applies to this analysis since the exit diameter
subtraction was applied to the experimental data in the spec-of the Shuttle PRCS motor is 24 cm and the GLO instrument
trograph segment above 3000 A. We estimate that the additionLOS typically intersects the exhaust flow beyiods m from the
of a constant~ +25 R/A to the data in this spectrograph exit. For the PRCS motoA = 9.94 x 10?2 molecules cm!
segment would noticeably improve the moddata comparison.  andB = 8.58.
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TABLE 4: Spectral Parameters Used in the Model Intensity Predictions for the Solar-Induced Fluorescence of the Exhaust

OHa
band ¢',v'") 2o (R) F, (photons st cm 2 A-1) G (photons st mol) A(s) R o (cn¥?)
(0,0) 3086 1.2« 10 9.7x 104 1.5x 1C° 1.0 6.0x 10715
(2,0) 2826 6.0x 1012 1.0x 10 0.44x 10° 0.34 1.5x 10715
1,1) 3143 0.0 0.0 0.86x 10° 0.66 0.0

a X0 is the wavelength of the band origiR; is the solar spectral fluxG is the total solar induced excitation ratejs the spontaneous emission
Einstein coefficientR is the branching ratio, andlis the absorption cross sectidnBased on Doppler width of 0.016 crh(hwhm) at 30 K.© Only

V" = 0 is populated in the supersonic expansion.

Calculation of the detector signal is governed by two light
transmission integrals through the exhaust gases:
transmission of the local OH(AX) emission from each point
along the spectrograph line-of-sight (LOS) to the spectrograph,
referred to as path and (2) the local excitation rate of OH(A)
which depends on the transmission of the solar light to each
point in the exhaust flow, referred to as p&thFor the formation
of OH(A) via Ly-a photodissociation of kD, the detector signal
intensity is given by

| = n,06FLya0 [, dSp(S) EXP(—100 [ dS p'(8))  (7)

whereyn,o is the mole fraction of water is the conversion
efficiency of absorbed Ly photons to OH(A)FLy. is the solar
flux, ando is the absorption cross section. Because the OH(A)
formed by Ly« photodissociation is produced preferentially
in very high rotational levels, there is very little absorption by
the much colder exhaust OH(X); thus the transmission from
each LOS point to the spectrograph is taken to be unity. The
water mole fraction for the PRCS motor is taken toyhg, =
0.41 (Table 1), which corresponds to the inner oxidizer-rich
zone of the film-cooled moto¥ This is appropriate since the
detector LOS for the PRCS measurements falls within this zone.
The conversion efficiency = 0.13 is based on recent laboratory
measurement®,however, it is noted that earlier measurements
favor a somewhat lower value of 0.68The Ly-o solar flux
of Fiya = 3.5 x 10 photons s cm™2 is based on satellite
data for the actual measurement tithand the absorption cross
section ofo = 1.2 x 10717 cn? is based on laboratory daté.
Computation of the signal due to solar-induced fluorescence
of the exhaust OH proceeds along similar lines, yielding

Iv',y" = XOHRZ/',U”GU',OJ(‘)OOdS p(s) X
eXPo0yo . S p(S)) €XPo0,, [ S’ p(S")) (8)

wherel, » is the emission intensity (photons'sm?) between
the OH(Ay') and OH(Xy'"") vibrational levelsyop is the OH
exhaust mole fractiorR, ,» is the branching ratioG, o is the
total solar-induced excitation rate into the OHg{A,manifold
(only " = 0 is populated in OH(X) due to the supersonic
expansion processy,, ,~ is an effective line absorption cross
section averaged over the emissi@bsorption band rotational
manifold, and the two exponential terms account for the
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Figure 6. Predicted variation of the integrated intensities with the sun-
thrust angle (see the insert for definition of the geometry) for the exhaust
OH and Ly« photoinduced components.

ature for the vacuum expansion (the translational temperature
was taken to be 30 K based on previous analysis of a similar
motor)“8 Values for the cross sections are also given in Table

4.

The mole fraction of OH in the exhaust is not well-
determined. An initial estimate based on an earlier analysis used
yon = 4.4 x 1072 based on nozzle flow/chemical kinetic
calculations for the inner oxidizer-rich zone of the PR€She
details of the flow and chemistry within a nozzle are extremely
complex and not completely understood, hence the large
uncertainty associated with the prediction of a trace species,
such as OH. Consequently, the OH mole fraction was treated
as an adjustable parameter, its value determined by fitting to
the data. A value ofon = 2 x 102 was found to account for
the solar-induced OH emission.

Figure 6 plots the predicted OHAX) emission intensities
for the HO and OH source components as a function of sun-

transmission along the solar and emission paths, respectively thrust axis angle. The figure also includes an inset that defines

The determination of thé&k and G factors for solar-induced
molecular fluorescence is straightforwéféf and depends only
on the well-established Einstefand solar flux values for each

the sun-thrust angle in the perpendicular day measurement. The
sun-thrust axis angle governs the integration path through the
exhaust cloud, and consequently determines the opacity of the

band. The values used in this study are found in Table 4. The experiment. The variation of the predicted signal is relatively
effective absorption cross section for each band was estimatedmild for the photodissociation (Lg- H,O) component. In
based on the effective number of emission lines (there are contrast, the resonance fluorescence OH component displays a
approximately eight significant lines for each band at the much stronger variation with the sun-thrust axis angle. This is
retrieved OH(A) rotational temperature of 125 K) and a Doppler due to the much larger optical opacity for the component
line width determined by a representative translational temper- transitions.



10702 J. Phys. Chem. A, Vol. 107, No. 49, 2003 Bernstein et al.

- . : 3.
g 6000 OH(A) ; Relgtlve Vel1c:)0|ty (10 r1nzs )
©
@ 5000 « \Exhaust OH T T T T 71 T T 1
o | «+ 10
£ l\ OH(AVO+H,0 Threshold |
e 4000 Spectral Fit B | J 100 9
T (Perp.) E 2
S | i 3 @
*@4 3000 m . 10 %
8 Optically Thin Limit (2200K) = I 3 o
> e e e SRR 3 a
= 2000 4102 O
o - 3 2
© 3 >
2 1000+ | 4103 3’
< E

/ | 3

0 T T T T T 1 ||nnl|nn||nl’n|nl||n|lnn||ln |nl|nn|-1°-4
0 60 120 180 240 300 360

1 2 3 4 5 6 7 8
Collision Energy (CM, eV)
Figure 8. Collision energy distributions at perpendicular and ram

geometries calculated for the ram night orbit condition. A8.50° m
s 1 exhaust velocity is assumed. The cross section energy dependence

The derived radiances from the perpendicular day spectrum giveln fby gqs 11 and 1|2 for ”lea‘:tio” 1is also fsgo""g ;’27a}<'°%‘:‘]rithmi°
: . : Scale 1or atom translational temperatures o an . € Cross
are also shown in Figure 6 at the respectlv_e _angle. _The ections are compared to the value derived from the observed integrated
agreement between model and spectral analysis is consideregya—x) radiance during the ram night engine burn.
acceptable given the approximate nature of the model, the

uncertainties associated with the model parameters, and Specix e within uncertainties consistent with predicted vaRfess
fication of the measurement geometry. The_estimated uncertaintygyemonstrated nicely in Figures 6 and 7, an important charac-
range for the model predictions is approximatei25%. _ teristic of remote observation experiments is the viewing

_ Aninteresting consequence of the significant optical opacity geometry, which has important effects on the degree of optical
is its effect on the apparent vibrational temperature for the gpacity, ‘to the extent that apparent vibrational distributions
exhaust OH(A) emission. Since the absorption cross section ISdepend on it. The day spectrum observed during a ram firing
much larger for the (0,0) band than the (1,0) and (1,1) bands, exhibits traces of signal in higki regions of the spectrum that
the effect of opacity is to increase the relative signal observed e ot apparent in perpendicular observations. A comparable
from the v’ = 1 level. This translates into an increase in the p,oad band is observed in the night ram spectrum. The night
apparent wbr_anongl temperature for OH(A). The V|I_orat|_onal perpendicular spectrum is devoid of OH(X) radiance. The
temperature is derived from the apparent ratio of vibrational njight ram emissions are, therefore, attributed to a translational
populations for the’ = 1 and O levels. For the model  energy enhanced collisional process between exhaust molecules

Sun-Thrust Angle (deg)

Figure 7. Predicted variation of the apparent vibrational temperature
for the exhaust OH(A) fluorescence with the sun-thrust angle for the
same geometry as in Figure 6.

calculations, the population ratio follows from and atmospheric constituents, the most abundant of which is
P. I+ A, atomic oxygen. _ _ _
_1_10 11 0 9) As stated in the Introduction, reaction 1 has been considered
Po loo Aot A to be the main source of OH{AX) emissions observed in the

) ) ) ) ) night spectra of exhaust afterglow. The energetics of this reaction
whereP is the OH(A) population| is the computed intensity,  gysiem at the ram night conditions (Table 2) are depicted in
andA is the Einstein coefficient. The calculated temperatures Figure 8, where the center-of-mass (CM) collision energy
are displayed in Figure 7. Good agreement is found with the gisiriputions for the ram and perpendicular nominal relative
5000 K temperature estimate based on the spectral analysis. velocities, e, are shown. An B translational temperature of
30 K is assumed. The distributions are calculated using a Monte
Carlo integration approach from the corresponding velocity

The present analysis of OHEAX) emissions in the shuttle  shifted Maxwellian velocity distributions:
environment sheds new light on their sources. Daytime radiances
can be accurately quantified with a model that includes f(v) dv =
resonance fluorescence excitation of trace amounts of cold OH ( - )3/2( - )3/2e ;{ m (w2 + U;z + 02)

IV. Discussion

present in the exhaust, process 4, and photodissociation of the

primary exhaust constituent,B through Lye. and far-UV, 27kT'] \27kT" T’

process 3. The substantial photoinduced far UV contribution m"(z/;'2+ z/;,'z + v)°) o e

arises from the solar UV spectrum below byand is primarily ex kT dv}, dof, dvf, dvf; def; dv; (10)
due to a handful of atomic transitions, most notably OVI (1632

1036 A) and ClIll (977 AY® These lines provide-2 eV more V=Vt VvV + V!

excess energy in process 3 than the 1.06 eV generated by Ly-

o.. The total UV flux at wavelengths below Lg-is ~2.6 x wherev' andv" are the thermal random velocity vectors of the
10 photons s cm™2,4° somewhat smaller than the 3:510 oxygen atoms and the exhausi® respectively. The threshold

photons s cm~2 for Ly-o.. However, the determined integrated of 4.79 eV is also identified in the figure. From the distributions
intensity for the far-UV component is significantly larger than it is determined that, at perpendicular conditions, essentially no
that for Ly-a,, 40 vs 27 kR. Since the absorption cross sections reactants have collision energies above the OH(A) formation

for the far-UV lines are close to that for Ly;*+50this implies threshold, consistent with the fact that no OH{X) emissions
that the OH(A) conversion efficiency for the far-UV linesds could be identified. In the ram conditions, 76% of reactants are
= 0.26+ 0.13, twice that for LyeL. found to exceed that threshold.

The absolute radiances provide OH andOHdensities Figure 8 also plots the previously estimated reaction cross

representative of the LOShrust axis intersection point that section threshold function based on the Arrhenius expression
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of eq 21621 The rate coefficient translates into the following sions based on the @ H,O reaction resulted in an overpre-

cross section energy dependence given by a modified line-of- diction of the emissions. These authors, however, did not take

centers fornp1—53 into account that sufficient energy is available to produce OH-
(A) in vibrational levels that predissociate, and, therefore, a

(E—-E)" significant fraction of OH(A) products do not radiate. If, in fact,
oB)=o—g — EzE (11) the tentative assignment of= 2, 3, and 4 OH(A-X) emission
bands in the night ram spectrum is correct (Figure 5), the
o, =8.08 Rev 08 n=18 fluorescence quantum yief#g'%.5759 of the respective predis-

sociated vibrational states dictate that the total cross section of
reaction 1 could exceed 12AConsequently, the reaction cross
section growth curvature. The plot of eq 11 shown in Figure 8 section given by the estimated rate constant may not be as poor
(solid line) corresponds to ¢h0 K threshold function. The  as the initial comparison to the emission cross section may have
thermally broadened threshold function at the thermospheric suggested. On the other hand, a large cross section of the order
temperature of 767 K (dashed line): of 1 A2would not appear to be consistent with potential energy
surface calculations by Matsika and Yarkéhyhat imply a
constrained system governed by a collinear conical intersection
through which the system must pass to access the surface
is also shown, demonstrating a substantial increase in effectivegssociated with OH(A)}- OH products. The bands attributed
cross section at nominal collision energies near threshold. {5 ,/ > 2 predissociated states have also been observed in
As mentioned in the Introduction, application of eq 2 or 11 atmospheric pressure air plasmas by Levin and co-wofRers,
results in an overprediction of the OH{AX) emissions when  \yho attributed them to a reverse predissociation mechanism.
incorporated in direct simulation Monte Carlo models of the We do not have a p|ausib|e exp|anation for this band at the
spacecraft environment. The ram night viewing geometry allows ¢yrrent low-density conditions.
a simple estimate of the cross section for reaction 1. Given the \while the present analysis focuses on processes 1, 3, and 4,

significant densities of the exhaust jet (eq 6), the oxygen atoms other possible sources of rotationally hot OH(A) could include
penetrating the exhaust suffer multiple collisions and do not the sequential processes

reach the spacecraft. Consequently, since the spectrograph LOS

where oy is a scaling parameter anddetermines the cross

o(ET") = B(E)F. (12)

is into the atmospheric wind, all of the incoming oxygen atoms hv + H,O — 20H(X) (14a)
undergo an energetic collision within the instrument field of
view. The cross section can, therefore, be determined from hw + OH(X) — OH(A) (14b)
I O + H,0— 20H(X) (15a)
Oram = Ol = Oel[o]y— (13)
rel XH,0 hv + OH(X) — OH(A) (15b)

whereog is the elastic cross section at the respective relative where the second step involves photoexcitation of hot OH(X),
velocity, € is the OH(A) conversion efficiency per & H,O and direct collisional excitation between exhaust species and
collision, | is the integrated photon flux, and [O] is the atomic atmospheric neutrals:

oxygen density. We have adopted an elastic cross section of 11
AZfor the respective relative velocity, using the criteria applied
in the industry-standard direct simulation Monte Carlo program
SOCRATES>* Applying the ram night conditions of Table 2 made possible due to the high OH exhaust mole fraction. It is
and the radiance shown in Table 3, a conversion efficiency of noted that, while there is a significant exhaust mole fraction of
1.5 x 1073 is determined corresponding to a chemiluminescence H; (~0.04), the center-of-mass translational energy of reaction
cross section associated with process 1 ofs1.70-2 A2, This O + H; — OH(A) + H is well below threshold for the ram
value, depicted in Figure 8, is consistent with the analysis of thrust geometry.

Erofeev et al22who derived an estimated cross section of2.0 The significant difference in OH(AX) intensity between the

A2 from the analysis of Soyuz engine activity as observed from daytime ram-perpendicular difference spectrum and the ram
Mir. It must be noted that the present estimated emission crossnight spectrum (Figure 2, Table 3) suggests additional daytime
section should be regarded as an upper limit, because eq 13ources are contributing. Simple estimation establishes that the
assumes that all elastic collisions result in sufficient momentum photoinduced sequential process (14) is at least several orders
transfer that subsequent collisions with(Hare below the OH- of magnitude below the daytime rarperpendicular difference.

(A) formation threshold. Momentum transfer, however, becomes However, we estimate that the collision-induced sequential
less significant for elastic processes at high relative velocities. process (15) can yield up 100 kR at the daytime conditions.
Currently, a unified approach does not exist for the derivation This estimate assumes a gas-kinetic reaction cross section of
of a momentum transfer cross section for molecular systems at~10 A2 for the first O+ H,O step. The literature rate coefficient
the hyperthermal velocities of interest in this wé&PkFast for this reactio#®?is only valid for temperatures between 300
oxygen atom beam angular scattering experiments, however,and 2500 K and results in cross sections at temperatures
have provided interaction potentials associated with classical corresponding to ram relative velocities that are higher than what
elastic scattering cross sections that are significantly lower thanis physically possible. The magnitude of process 15 can be

N,, O+ OH(X) — N,, O + OH(A) (16)

those currently applied in most modétss

estimated directly from the data in Table 3 assuming that the

With reference to Figure 8, it can be seen that eqs 11 and 12day ram-perpendicular difference (44 kR) should be largely

predict a value of 1.7 Afor process 1 at a relative velocity of
10.88 x 10° m s1, or a collision energy of 5.2 eV. This is 2

due to process 15 and reaction 1. If we assume that the
perpendicular viewing geometry does not produce any radiance

orders of magnitude above the present analysis. It is, therefore through this sequential mechanism, we can subtract off reaction

not surprising that previous efforts to model OH{X) emis-

1 contributions by using the night ram data scaled for the
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variation in the atmospheric O atom density for the day and analysis suggest that OH{AX) radiances can be exploited to

night ram firings (31 kR). This yields 13 kR, implying that the
cross section for the first step of process 15-is A2 at ram
conditions. This is a lower limit since the assumption that no

diagnose contamination problems in space. A particularly
difficult problem encountered on structures such as the Inter-
national Space Station is the proper detection of leaks. The

radiance is produced through this mechanism at perpendicularpresent measurements indicate that the origin of such leaks can

conditions signifies that the O atom flux is significantly

be detected with an imager filtered-aB090 A and situated in

attenuated by the exhaust jet, and the OH(X) products are swepfa servicing vehicle to the station.

out of the field of view prior to excitation and observation.
Comparison of nighttime ram and perpendicular NH(®)

emission intensities in the same experiment, however, indicate

only a factor of~2 attenuation of the perpendicular intensity.

V. Conclusions

OH(A—X) emission spectra observed in the Space Shuttle

Based on an analysis of Space Shuttle as well as DSMC environment in regions of PRCS engine exhawmosphere
simulationst? the respective chemiluminescent reaction between interactions have been analyzed at differing solar and jet
atomic oxygen and a number of possible exhaust constituentsdirection configurations. The spectra were acquired along lines-
is estimated to have a threshold of 2.5 eV. A detailed DSMC Of-sight parallel and close to the thrust axis for ram (directly
analysis of the present system is thus necessary to fully quantifyinto the atmospheric wind) and perpendicular firings for both
the contribution of process 15 and the current daytime Ioerloen_daytlme and nighttime solar illumination conditions, all at an

dicular measurements.

In case of collisional excitation events that yield OH(A) as
shown in (16), there is virtually no information available in the
literature on the O+ OH forward reaction or the reverse

altitude of ~390 km. Because of the good spectral resolution
and multitude of observation conditions, it was possible to
identify and quantify four separate OH(A) excitation mecha-
nisms. These include (i) solar-induced fluorescence of the OH-

quenching process. There are also other reaction pathwaydX) in the PRCS exhaust flow, (i) solar-induced photodisso-

available at lower energies, namely production of-HD, (or
HO,, if collisionally stabilized) and GD) + OH(X), which

ciation of HO in the PRCS exhaust at the strong Lynaselar
emission line (1216 A), (iii) solar-induced photodissociation of

can be expected to compete effectively with the nonadiabatic Hz0 in the far UV, below Lymar, and (iv) collision processes

channel that would produce OH(A). From the known densities,

between atmospheric and exhaust species, most probably the

a fluorescence excitation cross section of several squarechemical reaction between the atmospheric atomic oxygen and
angstroms would be needed to account for the observed emissioffxhaust HO. The daytime perpendicular spectrum can be
intensities. Future experimental and/or theoretical studies of this Modeled with components of mechanisms-(i)i) where only
nonadiabatic process are, nevertheless, warranted. While the ranfhe OH(A) state distributions from far-UV photodissociation

translational energy of an @ OH encounter is approximately

require adjustments of vibrational and rotational distribution.

5.1 eV, the corresponding center-of-mass collision energy The OH(A) state distributions of mechanisms (i) and (i) are

associated with an N+ OH collision is 6.5 eV, making this
process competitive with the @ OH system.

Other potential sources of OH(A) considered include the well-
known flame mechanisrfs

OH + OH + H— OH(A) + H,0 17)

O+H+M— OH(A) + M (18)

and optical excitation of the OH(X) in the engine exhaust flow
by the OH(A) flame luminescence from the not directly viewed

given by the OH(X) rotational temperature in the expansion-
cooled exhaust and excitation FrargRondon factors, and
laboratory measurements, respectively. The analysis permitted
the derivation of a far-UV KO to OH(A) conversion efficiency
of 0.26 + 0.13. Calculated integrated radiances produced
through BO photodissociation are in excellent agreement with
the observed intensities, assuming the modele® Exhaust
mole fraction of 0.48° The calculated radiance associated with
mechanism (i) is in agreement with the observed intensities if
an OH mole fraction of 0.002 in the exhaust is assumed.
The nighttime ram spectrum is most probably attributed to

region in and around the engine. The former is ruled out becausereaction 1 and is associated with high rotational excitatioh (
the exhaust flow density intercepted by the sensor line-of-sight = 4000 K) and very high vibrational excitation. No OH{X)

is sufficiently low (the maximum viewed pressure is on the order emissions could be identified during perpendicular night engine
of 1075 atm for the PRCS engines), thereby rendering the three- operation. This is consistent with the fact that collisions with
body recombination flame mechanisms unimportant. The latter translational energies surpassing the 4.79 eV threshold of
is ruled out because (1) no OH(A) emission is observed abovereaction 1 are not possible at the perpendicular condition, while
the noise level for the night perpendicular PRCS burn, and (2) ~76% of reactant collisions are determined to have energies
this mechanism would be exciting very rotationally cold OH- exceeding threshold for the ram conditions. The integrated OH-
(X) from the exhaust flow vacuum expansion and thus would (A—X) intensities in the ram night measurement are associated
produce a very narrow spectral emission distribution, whereas with a chemiluminescence cross section of £.702 A2, This
the night ram spectrum is quite rotationally hot. value depends on knowledge of the appropriate momentum
While the single-step process of reaction 1 is currently the transfer cross section, but is significantly lower than cross
favored pathway for reactively producing OH(A), the possibility sections applied in previous modeling efforts of OH{(X)
of two sequential chemical reactions initiated by the encounter emissions in the spacecraft environment. The spectrum exhibits
of O and another exhaust plume species has yet to be fully evidence for bands associated with predissociated states, imply-

explored. Recent, unpublished analysis by W. Dimpfl of the
Aerospace Corporatiéhof satellite-based measurements of UV
spectra and imagery of a Shuttle OMS engine ram burrE&0

km altitudes indicate that a mechanism involving two chemical
reaction steps may be an important source of OH(A).

ing that significant amounts of OH(A) products are formed that
do not radiate, and that the total OH(A) formation cross section
could be several orders of magnitude higher, which could be in
conflict with the constrained dynamics expected from the
reported conical intersection mechani&rMore detailed studies

Although the present work has focused on engine exhaustof the dynamics of reaction 1 as well as alternative processes
interactions with the atmosphere, the daytime signals and 14—16 are warranted.
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