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SUMMARY 

Infrared measurements of the Spacelab 1, Space Transportat1on System (STS) 9, 
were made from the Advanced Research Projects Agency's Maul Opt1cal Stat10n (AMOS) 
track1ng fac111ty uS1ng a sens1t1ve photometer 1n two 1nfrared bands, the H-band 
centered at a wavelength of 1.6 ~m and the K-band centered at 2.3 ~m. The Object1ve 
was to measure rad1at10n from the v1c1n1ty of the Shuttle ar1s1ng from 1nteract1on of 
Shuttle surfaces w1th atmospher1c part1cles. It was necessary to 1nclude the Shuttle 
1tself 1n the f1eld of V1ew of the photometer. The 1ntegrated br1ghtness of the 
ent1re Shuttle at a d1stance of 400 km was found to be equ1valent to that of a star 
of magn1tude +6.6 at 1.6 ~m; 1t was much fa1nter 1n the v1s1ble. Most of the em1S­
Slon at 1.6 ~m appears to be attr1butable to the Shuttle glow phenomenon. It 1S 
hundreds of t1mes br1ghter than the zod1acal background. The rad1at1on at 2.3 ~m can 
be accounted for pr1mar11y by d1ffusely scattered thermal rad1at1on from Earth's 
surface. 

INTRODUCTION 

A glow observed to be emanat1ng from some surfaces of the Space Shuttle dur1ng 
1tS th1rd fl1ght (Banks et al. 1983) has caused concern over the 1ntens1ty of any 
1nfrared em1SS1on that m1ght accompany the phenomenon. If the glow comes from v1bra­
t10nally exc1ted OH molecules, as proposed by Slanger (1983) on the bas1s of an anal­
YS1S by Yee and Abreu (1983) of Atmospher1c Explorer photometer data, then the 1nfra­
red component of the glow would be much more 1ntense than the v1s1ble glow. A 
spectrum of h1ghly exc1ted OH calculated by Langhoff et al. (1983) shows that the 
spectral dens1ty could be 100 t1mes h1gher at wavelengths between 1.6 and 2.0 ~m than 
at 0.6 ~m. The 1mportance of such rad1at1on 1S that 1t would contr1bute to the fore­
ground rad1at1on through Wh1Ch 1nfrared telescopes mounted on the Shuttle would study 
d1stant objects. Th1S could result 1n erroneous measurements of extended 1nfrared 
sources and extra n01se 1n d1screte sources. 

The effect of the Shuttle glow phenomenon on exper1ments could be best deter­
m1ned 1f the sources and phys1cal mechan1sms were well understood. A def1n1te clue 
comes from the observat10n that the V1s1ble A1rglow Exper1ment on board the Atmo­
spher1c Explorer (AE-E) measured a glow attr1butable to 1nteract10n between the 
spacecraft and the atmosphere that was d1rectly proport10nal to the atom1c oxygen 
dens1ty (Yee and Abreu, 1982). A comp11at1on of photometr1c data at several wave­
lengths 1nd1cates that the spectrum r1ses rap1dly w1th 1ncreas1ng wavelength, at 
least to 7320 A. Observat1ons on Space Transportat10n System (STS) 4, made w1th a 
hand-held camera equ1pped w1th an Object1ve grat1ng (Mende et al., 1983), showed that 
the Shuttle glow was also br1ghter at longer wavelengths (up to 8000 A). On the 



other hand, the thlckness of the glowlng reglon was only 5 to 20 cm whereas the 
thlckness of the reglon for the Explorer was about 10 m. Because of thls dlfference 
In thlckness, the posslblllty eXlsts that dlfferent reactlons produced the glow In 
the two cases. The case for OH IS made more convlnclngly for the Explorer glow 
(Slanger, 1983). An analysls by Hollenbach and Tlelens (1984) demonstrates that the 
hydrogen (or some other atom or radlcal) that comblnes wlth the oxygen IS provlded by 
the surface materlals (except those cold enough, or reactlve enough, to prolong the 
dwell tlme of the InCldent atmospherlc partlcles). ThlS was demonstrated In a mate­
rlals test on STS-8 (Leger, personal communlcatlon, 1984) In WhlCh the glow above 
oXldlzed alumlnum was much less than that above adjacent samples of Kapton and black 
palnt (organlc blnder). Adjacent Teflon had relatlvely llttle glow. Leger (1982) 
had observed prevlously that some materlals, especlally Kapton, deterlorated rapldly 
and lost a conslderable amount of mass when exposed to the Incldent atmosphere. 
Presumably, the reactlon products are volatlles WhlCh may leave the surfaces In 
exclted states. 

EstImates of the Infrared Intenslty that could result from surface reactIons 
were made by Hollenbach and Tlelens (1984) on the basls of STS-3 vlslble glow mea­
surements (Banks et al., 1983) and a theoretlcal spectrum of hlghly exclted OH calcu­
lated by Langhoff et al. (1983). DIrect measurements of the Infrared Intenslty and 
spectrum from the cabln of the Shuttle are prevented by the 8000-A transmlsslon 
cutoff of the cabIn wlndows. Instruments In the payload bay, WhICh are desIgned for 
Earth 11mb or astronomIcal purposes, delIberately avoId lookIng near Shuttle surfaces 
where the glow appears. SInce no SUItable on-board Instrument to study the Infrared 
glow was avaIlable for early Shuttle mlsslons, an approach Involving ground-based 
facllitles was devlsed. In thlS approach, a very sensltlve Infrared photometer and 
the 1.6-m telescope at the Advanced Research Projects Agency Maul OptIcal StatIon 
(AMOS) tracklng facillty were used. The STS-9 came wlthln a few hundred kIlometers 
of AMOS once each nIght of the mISSIon. The AMOS facillty IS desIgned for the fast, 
accurate slew speeds needed to track satellItes. A CIrcular varIable fIlter (CVF) 
spectrometer at Ames Research Center was modlfled to work as a broadband photometer 
wIth a fIeld of VIew that was roughly matched to the Slze of the Shuttle at a dIS­
tance of 300 km. The Intenslty of the entlre Shuttle In two or more bands could be 
measured and then compared wIth predIctIons for OH or other candldate glow mecha­
nlsms. ThIS IS posslble only If the Shuttle Itself does not emIt or scatter more 
radIatIon than the glow. In the next sectIon of thIS report, the expected Infrared 
radIatIon from the glow IS dIscussed and compared wlth other sources of radIatIon In 
the 1- to 2.3-~m range, where the peak Intenslty IS expected for OH. Subsequently, 
the measurement technIque and the observatIons are descrlbed and the results 
presented. 

We are grateful to the followIng persons whose contrIbutIons were essentIal to 
makIng our mISSIon successful: Glenn Ashley (AVCO Everett Research Laboratory, Inc.) 
for prOVIdIng the TV camera and telescope Interfaces; Joe Heath (AVCO Everett 
Research Laboratory, Inc.) for estlmates of the vlslble lIght Shuttle brIghtness; 
R. FIsher (UnIted States Alr Force, RADC/OLAB) for coordlnatlng our VISlt to AMOS, to 
many other members of the AMOS/Maul Optlcal TrackIng and Identlflcatlon Facllity 
(MOTIF) staff for thelr cooperatlon and asslstance; C. Osgood (Johnson Space Center) 
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for SupplYIng STS-9 trackIng data before the mIssIon; G. Wittenstein (Marshall Space 
FlIght Center) for updated Time LIne Information; B. Ponseggi (Ames Research Center) 
for obtaInIng photographIc response curves; L. Leger (Johnson Space Center) for 
Information about Shuttle materIals and many useful discussions; H. Crean (Ames 
Research Center) for fabricatIng the lnstrument-to-telescope adapter; D. Lemke (Max­
Planck-Instltut fur Astronomle, HeIdelberg) for dIScussions of the infrared nlght­
glow; and to R. Stencel (NASA Headquarters) for encouragement and support. 

A PRIORI ESTIMATE OF RADIATION INTENSITY 

The flux densIty expected from the Shuttle glow In the Infrared can be estImated 
on the basIs of the vIsible glow IntensIty observed on STS-3 and the spectrum of 
excIted OH. The volume productIon rate of "VISIble" photon emlSSlOn for STS-3 was 
estImated to be as hIgh as 2x107 photons cm-3 sec-1 withIn 10 cm of the ram sIde of 
the tall (Banks et al., 1983). If It IS assumed that the glow comes from hIghly 
excited OH molecules, then the spectrum calculated by Langhoff et ale (1983) can be 
used to scale the vIsIble photon emISSIon rate to Infrared photon emISSIon rates for 
approprIate bands. SInce the sensItIvity of Kodak Ektachrome SO-489 fIlm drops 
rapIdly wIth wavelength at wavelengths greater than 0.68 ~m, and SInce the OH em1S­
slon IS neglIgIble at wavelengths less than 0.58 ~m, we attribute the entIre v1s1ble 
photon emlSS10n to the 0.58-0.68-~m band. The calculated OH spectrum then enables us 
to estImate the volume productIon rate I~ at wavelength ~. The rate 11 . 6 In our 
1.6-~m "H" band (wIth half power pOInts at 1.555 and 1.645 ~m) is about 2.0x109 pho­
tons cm- 3 sec-1 ~m-1; In our 2.3-~m "K" band (2.09 to 2.49 ~m), 12 •3 IS about 
2.4x109 photons cm- 3 sec- 1 ~m-1. Cons1der the Shuttle orIentatIon 1n WhIch 1tS long 
aXIS IS parallel to its velocIty vector (i.e., 1t flIes nose fIrst or tall f1rst). 
The normal component of area A exposed to d1rect Impact 1S then about 40x10 4 cm2• 
The th1ckness of the Infrared emIttIng layer IS the decay tIme l of states from 
Wh1Ch low-lYIng translt10ns can take place (tYPIcally 10 msec) multlpl1ed by the 
average component of velocIty V away from the Shuttle surface (tYPIcally 
2x104 cm/sec) or 2x102 cm. The Shuttle glow emlSS10n flux densIty F~, seen from 
d1stance ~, IS 

The Shuttle altItude was about 240 km for both STS-3 and STS-9, but ~ IS the total 
dIstance to the Shuttle, about 240 km/sln e, where e IS the angle above the hor1-
zone For ~ = 400 km (e = 37°), we have F2 3 m = 8x10- 19 W cm-2 ~m-1, If the 
assumptIons made above are correct. Slmllariy,~F1.6 ~m = 10x10-19 W cm-2 ~m-1. 
These estImates are based on a number of questIonable assumptIons and could be off by 
orders of magn1tude. They are presented here only to show how the Instrument 
requirements were chosen and to establ1sh a baSIS of comparIson WIth prevIous data. 

The expected Shuttle glow must be compared with other sources of radIatIon In 
the same fIeld of VIew. The cabIn wIndows do not transmIt slgnlf1cantly beyond 
0.8 ~m, so cabIn lIghts cannot contrIbute to the IR bands used In this study. 
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Thermal radIatIon from the Shuttle was orIgInally thought to be an important contrIb­
utor at longer wavelengths. The misslon plan lndicated that the Shuttle would be 
or1ented wIth Its payload bay facing Earth, so that we would observe the radiators, 
the warmest surfaces of the Shuttle, dIrectly. Subsequent to the Spacelab I miss1on, 
we learned that the average radIator temperature was 286 K (Chandler, personal 
communIcatIon, 1984). The remaInder of the Shuttle seen from Earth had an average 
temperature of about 250 K (ChImentI, personal communIcatIon, 1984). Thermal radIa­
tIon from Earth, tYP1cally at an effectIve temperature of 288 K at wavelengths where 
the atmosphere IS transparent (Johnson, 1965), scatters dIffusely off of the 
Shuttle. In our orIgInal plannIng, thIS contrIbutIon was Ignored relatIve to the 
Shuttle's thermal radlat1on, on the assumptIon that the emlSSlvlt1es of Earth-fac1ng 
portIons of the Shuttle would be near un1ty. Subsequently, we made laboratory 
measurements of the dIffuse scatterIng propertIes of Shuttle surface materIals at 
1.6 and 2.3 ~m. We examIned whIte Shuttle tIle; whIte, coated Nomex (used on the 
tops of the wIngs); and Teflon, WhICh IS characteristIC of the payload bay and 
radIators. Spectra of dIffusely scattered radIatIon from 0.65 to 2.4 ~m showed that 
these materIals act as nearly perfect dIffuse reflectors 1n th1S wavelength range. 
(Teflon has relat1vely h1gh emlss1v1ty at longer wavelengths and consequently 1S a 
good radIator near the peak of the radIator's blackbody emISSIon curve.) 
Consequently, dIffusely scattered thermal rad1at1on from Earth domInates the 
Shuttle's 2.3-~m br1ghtness. 

Values for flux dens1t1es of dIffusely scattered thermal radIatIon as observed 
from a ground statIon 400 km from the Shuttle are lIsted In table 1. In calculatIng 
these values, the prOjected area of the Shuttle facIng Earth was estImated to be 
425 m2• The prOjectIon of thIS area normal to the lIne of slght from the observer 
was 425 m2 cos 53°, SInce the Shuttle altItude was 240 km. Consequently, the SOlId 
angle observed from the ground was 1 .6x10-9 sr when the Shuttle's range was 400 km. 
The Shuttle was assumed to be a perfect, dIffuse reflector and Earth a perfect 
blackbody. 

TABLE 1.- CALCULATED FLUX DENSITIES 

Scat tered Scat tered Expected 
FIlter, ~m Earth thermal, nlghtglow, Shuttle glow, 

W cm- 2 ~m-1 W cm- 2 ~m-1 W cm-2 ~m-1 

1.6 4.7xl0- 2O 3. 3xl 0- 17 1.0x10-18 

2.3 1 .03x1 0-16 1.8xl0-18 0.8xl0- 18 

Before the observatIons, we were not aware of the 1mportant contr1butlon to be 
expected from dIffuse scatterIng of Earth's n1ghtglow by the Shuttle. ThIS was 
pOInted out to us later by D. Lemke (pr1vate communIcation). The lrradiance of the 
nlghtglow IS about 100 tImes greater In the Infrared at 1.7 ~m than In the vIsible 
(Roach and Gordon, 1973). It orIgInates at an alt1tude of about 90 km and IS much 
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br1ghter when th1S part of the atmosphere is illuminated by sunlight. The em1SS1on 
comes from highly excited OH produced by the reaction: 

H + 0 ~ OH + 0 + 3.34 eV 
3 2 

Measurements of the intens1ty of night sky br1ghtness 1n 10 bands from 0.71 ~m 

to 3.4 ~m were made by Hofmann et ale (1978) from a balloon-borne telescope. The1r 
values may be used to estimate the Shuttle's diffusely reflected n1ghtglow prov1ded 
that (1) we know the d1ffuse scatter1ng propert1es of Shuttle materials, (2) we con­
volve the n1ghtglow spectrum properly with our f1lter transm1ss1on, and (3) we per­
form an integrat10n over the em1tting shell of OH as seen from the Shuttle. F1rst, 
our laboratory measurements of Shuttle white t1le and of roughened Teflon (character­
iSt1C of the payload bay and rad1ators) showed that both behave as nearly perfect 
d1ffuse reflectors as noted above. Second, convolut1on of our f1lter spectral trans­
m1SSlon w1th the spectrum of nightglow obtalned by Hofmann et ale Y1elds 1ntens1tles 
of 2.0x10-8 W cm-2 sr- 1 ~m-1 1n our 1.6-~m band (we use their peak value at 1.7 ~m) 
and 0.11x10-8 W cm- 2 sr-1 ~m-1 1n our 2.3-~m band (determ1ned from thelr values at 
2.1, 2.35, 2.4, and 2.45 ~m). And thlrd, an 1ntegrat1on over the entlre shell of 
emlSS10n (assumed 20 km th1Ck) at an altltude of 90 km, w1th approprlate cons1dera­
t10n of the longer path through parts of the shell vlewed near the hor1zon, Ylelded 
n1ghtglow lntensltles at the Shuttle of 2.06x10-8 W cm-2 sr-1 ~m-1 at 1.6 ~m and 
1.13x10-9 W cm-2 sr- 1 ~m-1 at 2.3 ~m. If the Shuttle 1S cons1dered to be a perfect 
d1ffuse reflector wlth a SOlld angle of 1 .6x10-9 sr (at a d1stance of 400 km), then 
the correspondlng flux dens1ty observed at the ground would be 3.3x10- 17 W cm-2 ~m-1 
at 1.6 ~m and 1 .8x10-18 W cm-2 ~m-1 at 2.3 ~m. 

Thus, dlffusely scattered n1ghtglow would be the dom1nant source of rad1atlon at 
1.6 ~m unless the Shuttle glow was much br1ghter than expected. The glow at 2.3 ~m 
would have to be exceed1ngly br1ght to outsh1ne Earth's d1ffusely scattered thermal 
emlSS1on. Clearly, observat1ons at any longer wavelengths would be even more doml­
nated by scattered or d1rect thermal emlsslon, so the 1nstrument chosen for the 
experlment had to operate 1n the near infrared. 

INSTRUMENT CONFIGURATION 

A sensitive circular var1able fllter (CVF) spectrometer, used prevlously for 
astronom1cal work (Strecker et al., 1979), was modlf1ed to provlde the optlon of 
broadband photometry or CVF spectroscopy 1n the wavelength range from 1.2 to 
2.4 ~m. A schemat1c of the 1nstrument 1S shown 1n f1gure 1. The converg1ng f/17 

beam of radlat10n from the 1 .6-m reflect1ng telescope (not shown) str1kes an oscil­
lat1ng tert1ary m1rror which reflects an osc1llat1ng beam onto a layer of gold on the 
d1agonal flat labeled "beam splitter." Th1S reflects most of the infrared rad1at1on 
1nto the Dewar through its calc1um fluoride w1ndow. The 1nfrared light 1S focused as 
1t passes through the aperture that deflnes the f1eld of view to be observed. The 
d1ameter of the aperture was chosen to be 3 mm In order to provide a 24-arcsec fleld 
of view--large enough to 1nclude the whole Shuttle at d1stances greater than 
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300 km. Smaller apertures can be selected manually If one has physIcal access to the 
spectrometer. The infrared lIght then passes through whatever portion of the CVF or 
fIlter wheel that has been moved Into ItS path. ThIS motIon can be controlled 
remotely. The wheel IS seen edge-on In figure 1. The center of the wheel IS dIS­
placed 1.75 in. from the optIcal aXIS so that by turnIng the wheel to varIOUS POSI­
tIons one can place varIOUS fIlters or parts of the CVF on the optIcal aXIS. The 
1.2- to 2.4-~m CVF has a band pass of 1.5% at any pOInt. The dIscrete fIlters permIt 
a chOIce of broader band passes for hIgher senSItIVIty, as well as bands outsIde the 
CVF range. After paSSIng through a fIlter, the remaInIng Infrared energy strIkes an 
off-aXIS ellIptical mirror (not shown) designed to focus an Image of the telescope's 
secondary onto the 0.5-mm-dlam detector. The detector Itself IS indIum antImonIde, 
cooled to about 50 K by SOlId nitrogen. Its electrIcal output is connected to one 
gate of a dual, J-FET preamplIfIer In a feedback confIguratIon descrIbed by Hall 
et ale (1975). Use of a hIgh feedback reSIstance (1.46x1011 n) coupled WIth SUItable 
"flashIng" of the detector (IllumInatIon of the detector WIth 1.2-~m radIatIon before 
observation) permIts nOIse levels of the order of 50 ~V/Hz1/2 to be achIeved In low 
backgrounds. 

About half of the VISIble lIght IS transmItted through the beam splItter and IS 
focused on the teleVISIon camera along WIth a prOjected retIcle. ThIS permIts the 
user to boreslght the telescope on a star by notIng at what POSItIon the star appears 
on the retIcle when the maXImum Infrared SIgnal IS observed. 

Because of the OSCIllatIng beam, two star Images are formed. ThIS IS a standard 
procedure in Infrared astronomy; It permIts accurate subtractIon of foreground lnfra­
red radIation arISIng from the telescope and Earth's atmosphere. The only SIgnal 
that IS amplIfIed IS that WhICh IS the dIfference between foreground radIatIon, 
IncludIng the star (or other obJect), and foreground radIatIon WIthout the star (or 
other object). Thus, the useful SIgnal from the detector preamplIfIer CIrCUIt IS 
ac. It IS amplIfIed further by a phase-lock amplIfIer WhICh rejects all frequenCIes 
except those of the OSCIllatIng secondary and accepts only those at an approprIate 
phase determIned by the observer. These SIgnals are then recorded as a functIon of 
tIme on both a strIp-chart recorder and a computer memory WhICh then stores the SIg­
nals as a sequentIal array on a floppy dISk. SImultaneously, a voltage proportIonal 
to CVF POSItIon angle can be stored, properly correlated WIth the detector SIgnal. 
ThIS was not done, however, because only fIxed fIlters were used to observe the 
Shuttle. 

The Instrument descrIbed here had been found In astronomIcal applIcatIOns to 
have a nOIse-eqUIvalent flux denSIty of about 3.4x10- 18 W cm-2 ~m-1 Hz1/2 at 2.3 ~m 
In a 1.5% band USIng a telescope WIth a dIameter of 1.6 m. The correspondIng system 
nOIse eqUIvalent power (NEP) IS 1.5x10- 15 W Hz- 1/2 The avaIlable 1.6-~m fIlter had 
a 5.6% band (0.09 ~m). The expected Shuttle glow at 1.6 ~m USIng the AMOS 1.6-m-dlam 
telescope (assumIng 30% obscuratIon) was 1.3x10- 15 W, prOVIdIng an expected slgnal­
to-nOIse ratIO (SIN) of 1 In 1 sec of IntegratIon, If we consIder contrIbutIons only 
from the Shuttle glow. 

Two condItIons peculIar to the observatory reqUIred speCIal adaptatIOns. FIrst, 
the mountIng constraInts at the focal plane of the telescope required that the Dewar 
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be upside down durlng much of the tracking. There was no danger of losing the 
cryogen, however, because the nitrogen was pumped to a SOlld. Since there was no 
vacuum Ilne to the focal plane, we valved off the solid nltrogen reservolr Just 
before making observations. ThlS permitted 30 min of observation without a 
notlceable change in detector noise. Second, the telescope occaslonally looks toward 
a nearby TV broadcast station. This made It essentlal to shleld cables and avoid 
ground loops to avoid serlOUS interference problems. 

OBSERVATIONS AND RESULTS 

The STS-9 was launched on November 28, 1983, at 6:00 a.m. HST. Its orbIt pre­
cessed In such a way that It passed near MaUL tWlce every 24 hr, once In daylIght and 
once at nlght for the flrst 5 days of the mlSSlon. After that, all passages of STS-9 
were In dayllght or tWlllght. A practlce acqulsitlon was made In dayllght on the 
fourth orblt uSIng the 2.3-~m fllter. Comparison wlth a Boo, WhlCh IS magnItude 
-3.02 at 2.3 ~m (Gehrz et al., 1974), showed that the Shuttle was of roughly the same 
brlghtness at a dlstance of about 400 km. ThlS is a measure of dlffuse scattered 
sunlight, the domlnant source of lumlnoslty In dayllght at 2.3 ~m. The detectIon was 
very brIef, but helped to identIfy problems In boreslghtlng and trackIng. 

The fIrst useful nIghttIme passage of the STS-9 over MaUL was on November 30, 
startIng at 19:40 HST. Because of 50-mph WInds, only part of the passage could be 
tracked. The Shuttle was held In our boreslght for only 16 sec. The 2.3-~m fIlter 
was used, and a moderate SIgnal was detected. 

The nIght of December 2 (UT) prOVIded the best SIghtIng opportunIty, WIth the 
Shuttle reachIng a peak altItude of 74°. The strIp-chart record of the track IS 
shown in fIgure 2. The WIde varIatIons In sIgnal were caused by trackIng errors. 
All slghtlngs were obtaIned durIng condItIons of hIgh (up to 50 mph) WInds WhICh 
caused trackIng errors of several arcseconds. The large negatIve values occurred 
when the Shuttle was In the other beam created by the oscIllatIng tertIary mlrror--
20 arcsec dIsplaced from the fIrst beam. (The dIrectIon of oscIllatIon was perpen­
dIcular to the flIght dIrectIon.) SInce trackIng errors can only decrease the 
SIgnal, the best apprOXImatIon to the SIgnal IS the envelope of peak SIgnals mInus 
the rms nOIse. The nOIse was determIned durIng a practIce track when the Shuttle was 
not In the fIeld of VIew but when other condItIons were SImIlar. CalIbratIon of the 
SIgnal level was obtaIned by comparIson WIth well-known stars, USIng magnItude and 
star types prOVIded In the Yale catalogue of brIght stars (Hofflelt and Jaschek, 
1982). The 2.3-~m band was used throughout thIS passage of the Shuttle. We had 
hoped to SWItch to other infrared bands (at 1.6 and 1.3 ~m) to compare IntenSItIes of 
dIfferent bands under SImIlar condItIons, but unfortunately, the rapId varIatIons In 
SIgnal caused by tracking errors made sequentIal samplIng of bands useless for quan­
tItatIve comparIsons. Thus, we had to walt for the next nIght's passage to measure 
the 1.6-~m IntenSity. 

On the nIght of December 3 (UT), the Shuttle Image was acqUIred as it receded 
from MaUL. Two measurements were obtained In the 1 .6-~m band. The appearance of 
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FIgure 2.- StrIp-chart tracIng of 2.3-~m sIgnal versus tIme durIng Dec. 2, 1983 
(UT), Shuttle sIghtIng. Negative signals occur when Shuttle moves Into OpposIte 
beam formed by the oscIllatIng tertIary. 
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signals above the noise level coincided exactly with visual (TV) acquisltion of the 
Shuttle by the tracker operator, as was the case in the previous measurements. A 
summary of all the nighttime measurements is given in table 2. The distances to the 
Shuttle were determined by the AMOS computational facilities from updated Shuttle 
orbital parameters. The field of view is given in meters at the distance of the 
Shuttle for comparison with the overall Shuttle length of 35 m. According to the 
STS-9 fllght plan (Spacelab 1 Flight Definition Document, 1983), all observatlons 
given in table 2 (except for 1 Dec., UT) were made wlth the Shuttle ln the -Z/N, 
-X/VV conflguration (i.e., long axis in the veloclty vector, payload bay faclng 
Earth, nose pointed opposite the velocity vector). During the 1 Dec. (UT) pass, the 
Shuttle was ln the "hot test configuration" (i.e., the payload bay was normal to the 
Sun's rays, long aX1S parallel to the terminator and nose pointed north). 

TABLE 2.- RESULTS OF STS-9 NIGHTTIME PHOTOMETRY 

Date and time ( 1983) I 
(3) (4) (5) (6) (7) I (8) 

Banda Magnitude Flux denslty, Range,b I (Flux density) Fleld of 
(1) (2) 10-16 W cm-2 ~m-1 km x (range/400 km)2, Vlew, m 

Hawail standard Universal 10-16 W cm-2 ~m-1 
h m 5 h m s I 

Nov 30 19 39 34 Dec 1 5 39 34 K 

I 
6 24 1.24 574 A 2 6 67 

I 
I I I 

Dec 1 19 30 03 Dec 2 5 30 03 K 6 4 1 1 409 A 1 15 

I 
48 

19 30 16 5 30 16 K 6 3 

I 
1 2 340 A 87 40 

19 31 24 5 31 24 K 6 1 1 4 376 R 1 24 
I 

44 
19 31 27 5 31 27 K 6 38 1 09 400 R 1 09 I 47 

30 30 I I 

I 
19 31 49 5 31 49 K 6 9 i 65 530 R 1 14 62 
19 32 02 5 32 02 K 7 8 , 3 611 R 70 71 

Dec 2 19 21 00 Dec 3 5 21 00 H 6 86 2 0 450 R 2 5 

I 
52 

19 21 25 5 21 25 H 7 1 1 6 593 R 3 5 69 

d, -Hal 6 ~m, K - 2 3 ~m 
bA = approaching, R = recedlng 

More observatlons of the STS-9 were made in dayllght on the mornings of Decem­
ber 6 and 7. On December 6, at 1735:30 UT, the flux observed at 2.2 ~m was 

, 

2.7x10-13 W cm-2 ~m-1 at a distance of 240 km. On December 7, the maXlmum observed 
flux at 2.2 ~m was 3.3x10-13 W cm-2 ~m-1 at a distance of 315 km. The intensltles 
observed ln dayllght are dominated by scattered sunlight; they provlde no lnformatlon 
about oxygen glow, but were useful in verifYlng the telescope's tracklng 
characterls tl cs. 

10 



DISCUSSION 

The Shuttle's n1ghtt1me br1ghtness at 1.6 ~m was much greater than expected from 
d1ffusely scattered n1ghtglow. At 2.3 ~m 1t was about what one should expect from 
d1ffusely scattered thermal em1SS1on from Earth. After subtract10n of the calculated 
n1ghtglow (table 1), the flux dens1ty attr1butable to 1nfrared Shuttle glow at 1.6 ~m 
was 2.2x10- 16 W cm-2 ~m-1, about 220 t1mes the value extrapolated from STS-3. These 
results are 11sted 1n table 3. To compare them w1th zodiacal 1rrad1ance we d1v1de by 
the approx1mate SOlld angle of the rad1at1ng area. The solid angle 1S slmply assumed 
to be tW1ce that of the Shuttle at 400 km. The maX1mum poss1ble SOlld angle from 
WhICh the detected flux came would be the 1 .08x10-8 sr allowed by the 1nstrument 
fIeld of VIew. ThIS IS 6.8 tImes the Shuttle's SOlld angle at 400 km, so the 
Irrad1ance could be 3.4 t1mes smaller than the value 1n table 3 1f the glow 1S very 
extended. We have very Ilttle data to suggest the extent of the glow. One 
IndIcatIon comes from column 7 of table 2 where the flux densIty is adjusted to the 
dIstance at 400 km by multlplY1ng by (R/400 km)2. If the object IS totally wIthIn 
the f1eld of v1ew, the result should be a constant throughout anyone slght1ng 
(prov1ded that the projected area of the rad1at1ng source IS the same). If the 
source of rad1at1on extends beyond the f1eld of V1ew when the Shuttle is nearest, 
then the flux dens1ty w1ll drop off more slowly than R-2 as the Shuttle recedes, 
because the Ilnear f1eld of V1ew (column 8, table 2) 1S gett1ng larger and encompass­
Ing more of the radiat1ng reg1on. There 1S a suggest10n of th1S 1n the Dec. 3 (UT) 
results, but they are accurate to only 20%, and values at only two d1stances were 
obtaIned. The results from Dec. 2 (UT) are Irrelevant to thIS argument because they 
were obtaIned at 2.3 ~m, a band 1n Wh1Ch d1ffusely scattered thermal rad1at1on from 
Earth accounts for all the observed slgnal. If the Dec. 2 (UT) values 1n column 7 
are adjusted to cancel the effect of the change 1n the projected SOlld angle of the 
Earth-fac1ng port1ons of the Shuttle, then these values should be Independent of 
range, R. Th1S adjustment 1S done by d1vid1ng each value In column 7 by 
cos- 1(240 km/R). The result 1S fa1rly 1ndependent of R, cons1stent w1th Lambertlan 

TABLE 3.- SHUTTLE GLOW IN THE INFRARED 

-

Est1mated 
Best Fl ux dens ity 1rrad1ance of 

Wavelength, measured m1nus scattered Shuttle glow Zod1acal 
~m flux dens1ty radiatlOn (at 240 km irrad1ance, a 

(400-km range), (table 1), alt1tude), W cm-2 J-lm- 1 sr- 1 

W cm-2 J-lm- 1 W cm-2 J-lm- 1 W em -2 ~m-1 sr -1 

1.6 2.5x10- 16 2.2x10- 16 6x10-8 2.4x10-11 

2.3 1.09x10-16 NeglIg1ble Negl1g1ble 7x10- 12 

aBased on data of N1sh1mura (1973), extrapolated to 90 0 from Sun 1n eclIpt1c 
plane uS1ng Allen (1973). 
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scatterIng from the Shuttle itself. This, in turn, is consistent with the assIgnment 
of all the 2.3-um flux to diffusely scattered thermal radiation from Earth. 

The large dIscrepancy between the 1.6 ~m flux denslty measured for STS-9 and 
those extrapolated from STS-3 visible-light spectra can be explained in any of the 
followIng three ways. First, the ratio of IR to visible emission could be much 
hIgher than the model used by Langhoff for OH. This could happen, for instance, if 
the OH was not as highly excited as assumed. Alternately, other molecules could be 
involved. Second, the surfaces impacted by the atmospheric oxygen during our obser­
vatIOns could have been more reactIve than those observed from the cabin. And three, 
the assumptions Involved In estimating the visible photon volume density and ItS 
bandWIdth could be In error. This is potentially a source of large error because the 
sensItivIty of photometrIc film and the cabln WIndow transmission drop rapidly WIth 
IncreasIng wavelength In the spectral range of the visible lIght emlssion, which 
rIses rapIdly WIth Increasing wavelength. 

Another pOSSIbIlIty, of course, is that our own interpretation of what we 
observed could be In error. For example, If the thrusters were firIng IntermIttently 
throughout all of the observations in table 2, our readIngs would have been measure­
ments of rocket exhaust instead of Shuttle glow. Such fIrings were not called for In 
the mISSIon plan. Furthermore, the vISIble flashes from fIrings could be seen on the 
TV, and they were not COIncident WIth any of the data pOInts used In table 2. Even­
tually, we expect to receIve a record of actual fIrIng tImes, so that thIS pOInt can 
be verIfIed. Another possIbility is that sunlIght scattered In the atmosphere 
reached the Shuttle. Note that the Shuttle was not in direct sunlight durIng any of 
the observatIons lIsted In table 2. Furthermore, on Dec. 2 and 3 (UT) our observa­
tIons were made from east of the Shuttle, so we were seeIng ItS darker SIde. 
VISIble-lIght estImates of the Shuttle's brIghtness were made after the Dec. 2 (UT) 
flIght by comparIson of VIdeotaped Shuttle Images WIth star images of known magni­
tude, defocused to gIve the same Image SIze as the Shuttle. 

Although the VIdeotape IS unavaIlable for Dec. 3 (UT) when the 1.6-um observa­
tIon was made, there is a portIon of the Dec. 2 tape obtaIned at 5:29:50 UT when the 
lIghtIng condItIons of the Shuttle were very SImIlar to those at 5:21 :25 UT on Dec. 3 
when the last 1.6-um observation was made. The observed VISIble magnItude (after 
correctIon for the transmIssIon of our beam splitter) was 10 to 10.5. SunlIght scat­
tered by the upper atmosphere would be roughly the same magnItude at 1.6 urn as at 
VISIble, so the contrIbutIon of atmospherIcally scattered lIght to the Shuttle's 
1.6-um brIghtness appears to be of the order of 6%. Another consideratIon IS the 
varIabIlIty of the nightglow. 

ObservatIons by HUPPI and StaIr (1969) show that the OH contributIon to night­
glow, WhICh accounts for all of ItS 1.6-um IntensIty, varies by less than a factor 
of 2 throughout the nIght and tWIlIght. ThIS IS In sharp contrast to the excIted 
atomIC oxygen emISSIons which vary by factors of 10 or more. Long-term varIatIons In 
the nightglow IntensIty at 1.6 urn may be pOSSIble, although we have seen no eVIdence 
to suggest that they would be large enough--a factor of 7 increase over the results 
of Hofmann et al. (1978)--to account for our observed flux densities at 1.6 urn. 
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Further measurements of a satellite at different times would help to clarify th1S 
p01nt. 

The large production of infrared photons found 1n th1S measurement 1S incons1s­
tent w1th the much smaller theoretical est1mates for inert surfaces made by 
Hollenbach and T1elens (1984). Th1S suggests a very reactive surface and ra1ses the 
poss1b1l1ty that unburned rocket fuel (monomethyl hydraz1ne) from the vern1er 
thrusters 1S coating much of the outer Shuttle surface. It 1S well known that 10% of 
the ejected material 1S unburned fuel and that two of the aft Vern1er thruster 
exhausts impinge on the aft body flap. Th1S could be instrumental 1n spread1ng reac­
t1ve mater1al over much of the Shuttle's rear Wh1Ch. inc1dentally. was 1n the ram 
d1rect1on dur1ng all of our n1ghtt1me observat1ons. A better assessment of the 
source of the react1ve mater1al w1II require further observat1ons of the Shuttle 1n 
d1fferent att1tudes. spectroscop1C observations to 1dent1fy the rad1ating spec1es. 
and possibly. laboratory measurements of the 1nfrared photons that are produced when 
rocket fuel 1S bombarded by atom1C oxygen. Compar1sons of the 1.6-~m 1rradlance when 
the Shuttle has 1tS nose 1n the ram d1rect1on w1th 1tS irrad1ance when the aft sec­
t10n 1S 1n the ram d1rect1on w1ll be espec1ally 1mportant. 

F1nally. we must emphasize the serious 1mpl1cat1ons of the results shown 1n 
table 3. If we assume that the 1.6-~m 1rrad1ance 1S proport1onal to the atom1c 
oxygen flux. then the irrad1ance at an alt1tude of 400 km (tYP1cal for a Shuttle­
based observatory) w1II be about 5x10-9 W cm-2 ~m-1 sr- 1• Th1S is about 200 t1mes 
the zod1acal 1rrad1ance. Th1S exceSS1ve irrad1ance w1II 1ncrease n01se about 15-fold 
near 1.6 ~m. If OH 1S the source. then astronom1cal observat1ons could be ser10usly 
1mpa1red between 1 and 4 ~m and may be affected out to 15 ~m. 

CONCLUSION 

The n1ghtt1me em1tted flux from the STS-9 at 1.6 ~m 1S much h1gher than can be 
accounted for by the Shuttle's thermal rad1at1on or by scattered rad1at1on from Earth 
or 1tS atmosphere. We conclude that th1S excess rad1at1on 1S attr1butable to the 
Shuttle-glow phenomenon. If th1S conclus1on 1S correct. then the 1nfrared "sky" over 
the Shuttle's bay would be 200 t1mes br1ghter than the zod1acal background at a 
Shuttle alt1tude of 400 km and br1ghter yet at lower alt1tudes. Although the rela­
t1ve values of v1s1ble. 1.6-~m. and 2.3-~m measurements are roughly cons1stent w1th 
the em1SS1on spectrum of h1ghly exc1ted OH. other poss1b1l1ties have not been fully 
exam1ned. In any case. the mater1al be1ng oX1d1zed has not been 1solated. Exam1na­
t10n of Shuttle em1SS1on spectra obta1ned w1th a var1ety of Shuttle att1tudes may be 
needed to determ1ne the 1dent1ty of the em1tting molecules and the1r source. 
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