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The environment measured surrounding the complex Midcourse Space Experiment spacecraft during its � rst
week onorbit is reported. A suite of instruments includinga pressure sensor, a neutral and an ionmass spectrometer,
quartz crystal microbalances, and � ashlamp-based water and particle detectors were activated within hours after
launch. These instruments measured the gaseous composition, particulate, and � lm accretion temporal histories.
Spacecraft environment cleanliness and response to operational activities were used to guide decisions about
sensor operation. As a result of careful material selection and ground preparation procedures, the measured levels
of condensible species were suf� ciently low to permit safe sensor operation after only a few days in orbit.

Introduction

T HE Midcourse Space Experiment (MSX) spacecraft is de-
signed to preciselymeasure the optical signaturesfrom a broad

range of natural phenomena (the Earth, its upper atmosphere, and
celestial objects) as well as from man-made targets. These scenes
are observedwith a suite of fully characterized,carefullycalibrated,
very sensitiveoptical instrumentswith broadspectral imaging capa-
bility.Opticalmeasurementsspanningfrom the far-ultraviolet(UV)
(110 nm) to the very long-wavelength infrared (IR) (28 l m) spec-
tral regions are performed in a series of systematic measurement
sequences. High sensitivity in the long-wavelength IR is achieved
by cryogenically cooling the IR focal planes and mirrors to below
20 K by thermal conduction from a cryostat containing solid hy-
drogen.A releasablesolid argon-cooleddoor covered the evacuated
telescope and optical assembly. The mission objectives and instru-
mentation have been described.1,2 The designed mission lifetime is
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four years. This sophisticated spacecraft is 5.1 m long and 1.5 m
square and weighs ¼2700 kg. Most of the external surfacesof MSX
are coveredwith multilayer insulation(MLI) composedof 20 layers
of aluminizedMylar® separatedby Dacron® netting.The innermost
surface and exterior layers have beta cloth or silver Te� on® with in-
dium tin oxide surface coating.3 The MSX spacecraft with optical
and contaminationinstrumentlocationsindicatedis shown in Fig. 1.
The MSX spacecraftwas launchedfromVandenburgAir Force Base
into a circular, 99-deg,near sun-synchronous,904-km-altitudeorbit
by a Delta II booster on April 24, 1996, at 12:27 Greenwich mean
time (Eastern daylight savings time plus 4 h).

Contamination could cause degradation in the performance of
these sensitiveopticalinstruments,invalidatingall of thecarefulpre-
launch preparationand calibration.Absorptionby nanometer thick-
nesses of organic molecular � lms on UV optics and micrometer-
scale ices of nearly all gases on the cryogenic IR optics will cause
these mirrors to lose throughput or increase scatter by orders of
magnitude. Attitude maneuvering is achieved with reaction wheels
to eliminate thrust exhaustcontaminationeffects.The most frequent
spacecraft attitude is with its CZ face into the velocity vector and
the electronicssection facing nadir. To help ensure the desiredoper-
ational performance,a thoroughcontamination-control plan for ma-
terial selection and handling was also implemented. Furthermore,
a suite of contamination instruments is included in the manifest
to monitor performance during ground processing and integration.
Contamination modeling activities3 accompanied all phases of the
development of MSX, providing an understanding of measurable
quantities and prediction of expected environments.

The MSX external contamination model3,4 predicts molecular,
particulate,and electromagneticeffects with the source terms based
on the MSX contamination control plan and laboratory5 and � ight
measurements. Transport, deposition, and the effects produced are
also modeled. This model provides detailed predictions and cre-
ates the essential linking of each contamination sensor’s obser-
vations.

Instrument Suite and Experiments
Molecular species concentrations, deposited � lm thicknesses,

particle occurrence above surfaces, and spacecraft charging are all
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Fig. 1 Orbital con� guration of the MSX spacecraft: WFOV, wide � eld
of view; NFOV, narrow � eld of view; and SBV, space-based visible.

monitored.The contaminationinstruments(Ref. 6 providesdetailed
descriptions) include 1) a total pressure sensor (TPS) covering the
range 10¡5 to < 10¡10 torr and pointing in the same direction as
the primary optical sensors (CX ); 2) a closed-source quadrupole
mass spectrometer for neutral molecules (NMS) with electron im-
pact detection, covering masses 1–150 with 1-amu resolution, and
a sensitivity of ¼105 per cm3, also pointing into CX ; 3) a krypton
� ashlampwater sensor(KRF) to speci� callymonitorwaterdensities
above 107/cm3 at meter distances above surfaces on the CX instru-
ment deck; 4) a Bennett radio frequency(RF) ion mass spectrometer
(IMS) measuringmasses 1–64 with sensitivityof ¼10 ions per cm3,
pointing in the CZ direction; 5) four temperature-controlled quartz
crystalmicrobalances(TQCMs)operatedat ¡43 to ¡50±C (to sense
deposited molecular � lms with sensitivities to detect 0.01-nm � lm
thicknesses) locatedat differentpositionsaroundthe instrumentsec-
tion of MSX facing largely ¡X , CX , CZ , and ¡Z (Ref. 7); 6) an-
otherQCM operatedat near20K [cryogenictemperature-controlled
QCM (CQCM)], located near the IR sensor primary mirror to mon-
itor all species frozen onto cryogenic optical surfaces with 0.02-nm
sensitivity; and 7) a xenon � ashlamp particle illuminator (XEF) to
illuminateparticlesin a volume2 m above the CX face of the instru-
ment deck surfaces operating in concert with a visible 10 £ 13 deg
wide-� eld visibleimager (IVW) to enablemicrometer-diameterpar-
ticle detection.In addition,the primary sensors—the UV visible im-
agers and spectrographicimagers (UVISI) with wide (10 £ 13 deg)
and narrow (1.32£ 1.6 deg) � elds of view in the UV and visible, as
well as the spatial IR imaging telescope (SPIRIT) III radiometers1

sweeping across at 1 £ 3 deg � eld of regard—will also be very sen-
sitive detectors of spacecraft-producedparticles as small as 0.1 and
10 l m, respectively.8

These instrumentscan operate individuallybut, by acting in con-
cert during planned data collection events, their data can provide
insight into the entire local environment.Experiment plans include
brief periodic surveys of the environment, experiments to identify
trends,experimentsto discriminatethe effectsof discreteevents,and
experiments to measure the Earth’s upper-atmosphericcomposition
andvariability.Becausethe instrumentsobserveboth spacecraftsur-
faces and space, they are able to observe the ambient atmosphere,
direct outgassing � ux from surfaces, and molecules scattered by
collisions with contaminant and ambient molecules (return � ux).

The early-time spacecraft environment will be dominated by re-
lease of material from ground and ascent operations (materials out-
gassing and venting, particle release). These effects are expected
to decay with time on orbit. At later times, orbital production pro-
cesses (abrasion from operations, thermal stresses and erosion) will
dominate the near-spacecraftenvironment.

As part of their longer-duration measurements, the MSX con-
tamination instruments will assess the effectiveness of contamina-
tion control procedures on the ground, monitor temporal trends,

and quantify the effects of spacecraft operations on the local
environment. The MSX contamination instruments will perform
long-duration (multiyear) measurements of the spacecraft-induced
effects, identifying sources and validating the model and contam-
ination-controlplan. This information will provide guidance to the
designers and operations planners of future spacecraft.

This paper reports the environment observed surrounding the
MSX spacecraftduring its � rst week in orbit. The contaminationin-
struments quantitatively measured accumulation, pressure history,
and composition. We report the observed particulate occurrence
rates and scattering radiance levels. The level of interference with
the observationof far-� eld phenomena is also presented,along with
an assessmentof the levelof spacecraftcleanliness.This information
assisted in operationaldecisionsabout the safety of openingcovers.

The primary optical sensors and contaminationinstruments were
assembled, tested, and integrated under carefully controlled con-
ditions.9 Contamination control was an integral part of the MSX
program. Design, materials selection, multiple-instrumentedbake-
outs, groundassembly,handling,and baggingall addressedcontam-
ination concerns. Visual and tape-lift inspections were performed
frequently. Cleaning (vacuum and alcohol wipe) was performed as
required. In spite of the multiple-year assembly process, the space-
craft external surfaces were measured to have an areal coverage
by particles of 0.043 with no measurable molecular � lms before
launch. On the pad, several adverse conditions arose during ser-
vicing and closeout. Owing to the necessity of frequent cryogenic
servicing,activity-inducedparticulate redistributionwas a concern.
Procedures were developed, and levels were monitored frequently.
Cooperation of all involved resulted in successful contamination
control during ground operations.

Early Operations Period Contamination
Environment Trends

During the � rst week in orbit, an extensive checkout procedure
was followed for the spacecraftmechanical, power, data, telemetry,
attitude, and optical sensor systems. The early operations events
were conducted in a sequence that minimized the potential for con-
taminationby performingthe most potentiallycontaminatingevents
� rst or by beginning operation of the instruments most sensitive
to contamination after most contamination-producing spacecraft
events were completed. Cover-opening advisory levels, based on
contamination instrument measured values, were developed before
launch. For the carefully calibrated, high off-axis-rejectionoptical
systems on MSX, scatter by primary mirrors and optical throughput
are very sensitive to degradation by contamination.The SPIRIT III
primarymirror operatingat temperaturesnear 20 K would condense
nearly all molecular species (such as H2O, CO2, O2 , N2 , and Ar)
likely to be encountered.Laboratorydata have shown that deposited
� lms of these species on optics at these temperaturesproducenegli-
gibledegradationin scatterperformanceat a wavelengthof 10.6 l m,
representativeof the SPIRIT III spectral region, for � lm thicknesses
smaller than 1 l m (Ref. 10). The primary mirrors of the UV instru-
ments operate at 250–265 K, and volatile organics from outgassing
are the likely deposition species. Even � lms of nanometer thick-
nesseswill attenuatethe UV transmissionsigni� cantly.The external
contamination model was used to correlate TPS, NMS, KRF, and
TQCM measurements at the time of each door-openingdecision to
predict potential for performance degradation in the limits of both
a constant and a decaying external pressure environment.

Any particles present on the primary mirrors will also signi� -
cantly increase off-axis scattering. Mechanical operations were ex-
pected to be transient sources of particles. The contamination team
recommended a sequence for these operations to minimize the im-
pact of particulate contamination. On-orbit contamination instru-
ment data, when linked with the model, permitted us to determine
whether the spacecraft local environment permitted covers to be
opened safely. Data from the contamination instrument suite al-
lowed informed operations decisions to be made.

The contamination instruments were among the � rst to undergo
checkout, permitting their early time monitoring of the spacecraft
environment and the response of the environment to operations.
Within 24 h after launch, all of the contamination instruments were
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Fig. 2 TPS pressure data for the � rst mission week. Model prediction is also shown.

on and gathering data. Data from these instruments allowed us to
make informed decisions about the advisability of optical sensor
cover openings, particularly the SPIRIT III cryogenic sensor cover.
The systematictrendsobservedbyeachcontaminationsensorduring
the � rst seven days on orbit are described next.

The TPS and QCMs were among the � rst scienceinstrumentspro-
videdpower,and theybegansendingdataonly1.45h after launch.At
1.87 h mission elapsed time (MET), the pressure measured (which
couldcontainsomeeffectof TPS internaloutgassing)was 2.2£10¡7

torr. The spacecraft external pressure, even within this short pe-
riod, had fallen below the regime of concern for external structure
electrical arcing. The pressure fell below 10¡7 torr by 3.5 h MET
and continued to decrease after a time¡1 decay. The magnitude and
temporal trend agree well with MSX external contaminationmodel
predictionsbasedon laboratoryoutgassingmeasurementsforH2O.4

The QCMs were powered on 1.45 h after launch. By 5 h after
launch, the CQCM temperature had clearly decreased from its
launch temperature, indicating that the cryostat vent to space had
successfully opened and sublimation of the H2 reservoir was oc-
curring. The CQCM beat oscillation frequencywas very stable and
was observed to be at nearly the same value as before launch. Thus,
no mass accumulation was observed due to redistribution through
launch, and there were no vibration-induced leaks into the evacu-
ated cryogenic optical telescope area. After we determined that the
TQCMs were operating stably, we powered the Peltier coolers at
3.17 h after launch, and their temperatures dropped below ¡40±C
within 15 min.

Between 6.3 and 6.5 h MET, the pressure, measured by the TPS,
increased from 5 £ 10¡8 to 8 £ 10¡7 torr, reaching 4 £ 10¡6 torr
30 min later. This increase was due to initiation of the release of
argon vapor from the IR telescopedoor/cover.The solid argon in the
SPIRIT III door was launched supercooled, and suf� cient heating
had occurred to produce the 8 lb of pressure required to cause the
vent to open after 6 h in orbit. After opening, a pressure of argon
emanating from the door venting was detected at about 10¡6 torr
levels, matching prelaunch predictions.4 The TPS data for the � rst
week are shown in Fig. 2. A second pressure burst (attributed to the
vent remainingstuckopen) was observedafter 35 h MET. The NMS
was operational during this second pressure burst and veri� ed that
the increase was due to argon exclusively.

Molecules
The TPS measures the total gaseous environment. MLI-covered

spacecraft surfaces � ll approximately44% of the � eld of view. Dur-
ing the � rst week, the observed pressure is dominated by the argon
vented from the SPIRIT III cover rather than by surface outgassing,
as evidenced by the 75-fold pressure increase at the start of argon
venting. The released argon � ux undergoes self-collisions and is
scattered into the TPS aperture. Aside from the pressure bursts,

Fig. 3 Averaged TPS reading during argonventing.Exponential( ¡ t/9
days) is shown for comparison.

the observed pressure decreased slowly over this period. All of the
TPS readings averaged within a time period are presented in Fig. 3.
Standard deviations are indicated to show the variability encoun-
tered during each period. (The TPS is calibrated and is expected to
have an accuracy of greater than 25%.) The argon release is seen to
follow a smooth exponentialdecay with a time constantof 9 days.A
small (15%) additional early time (time¡1 ) contribution is required
to match the data during the � rst day. The argon evolutiondecreases
as the Dewar shell cools in orbit (reducing the heat load) and as the
solid argon conduction paths to the door decrease.

During the early operationsperiod, an additional trend within the
argon decay is observed in both the TPS and NMS data. The ob-
served TPS pressureoscillatesperiodicallyby about 25% in magni-
tude. A periodogramanalysis11 revealed the existence of a periodic
frequency of this variation corresponding to once and twice per or-
bit. The source of this effect could be 1) return � ux variationsdue to
atmospheric variations (such as density increases) or 2) spacecraft
heating.

The NMS provided insight into the constituents of the gaseous
cloudduring this period.The argon temporal trend matches the TPS
observations. When argon venting began, it obscured the temporal
decay of the outgassed species concentrations in the nondiscrimi-
nating TPS. The NMS m / z D 18 data clearly display the continued
decay of the water vapor concentration in Fig. 4. Approximately
12% of the NMS � eld of viewcontainsMLI, and the direct � ux from
the MLI surfaces was detectable. The pressures reported in Fig. 4
are corrected for the 36ArCC contributionto m/ z D 18 and the noise
background. After the � rst 45 h on orbit, the water-characteristic
decay time changes from a time¡1 to a time¡0.5 dependence. The
data agree fairly well with the prelaunch predictions for the NMS
geometry (also shown in Fig. 4).

The IMS was able to sporadically observe water ions produced
by charge transfer with ambient atmospheric OC . Because of the
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Fig. 4 NMS water observations during the � rst week. MSX model is shown for comparison.

Fig. 5 KRF lamp and radiometer (Kr L&R) water measurements above MSX instrument section and model prediction.

complex interaction geometry, these data indicated that the process
was occurring, but they were able to provide quantitative estimates
of the local water density during early operations. The natural at-
mospheric and contamination data obtained by this instrument will
be reported in future papers.

The KRF speci� cally measures the water concentration in a vol-
ume 50–100 cm above one corner of the 1.5-m2 MSX instrument
section.12 Consequently, this water measurement represents an in-
tegral of the outgoing � ux sources over the instrument section. Be-
causeof its high-powerconsumptionduring its 2-min measurement,
the KRF is operated less frequently than the TPS and NMS. The 11
measurements performed during the � rst week are shown in Fig. 5.
The pre� ight predictionof the expected levels at the KRF measure-
ment volume is also shown and agrees with the general trend of the
data.After an initialdecay,verysigni� cant (factorof 100)variability
is observed in measurements only a few hours apart. The variabil-
ity is not correlated with the MLI or solar array temperatures in an
obvious manner. The calibrationof the lamps indicated an absolute
accuracy of 25%, with a minimum detectable concentrationof less
than 107 water molecules per cm3. Thus, the observed variability is
believed to be real and not a simple temperature correlation. It has
persisted for several months into the mission and will be discussed
in futurepapersusinga largerdatabaseto identify the variablewater
source on the spacecraft.11,12

Organics
The depositionof outgassedorganic specieswas of great concern

because of the sensitivity of UV optical instruments to attenuation
even by � lms of nanometer thickness. Nearly all spacecraft mate-
rials were baked before assembly on the ground to reduce volatile
condensiblematerialoutgassing.Mass spectraacquiredat 24h MET
showed no obvious high mass species (between m/ z 46 and 150).
Twelve early-time spectra were averaged to establish a minimum
detectable concentration of 6 £ 10¡12 torr or 2 £ 105 molecules
per cm3 (three standard deviations). Later during the � rst week, the
rear of the spacecraft (¡X face, electronics section) and the rear of
the solar arrays that are usually shadowed were placed in direct sun
to expedite molecular outgassing before cryogenic sensor opening.
These surfaces are opposite the optical sensors and NMS � elds of
view. Forty-seven mass spectra obtained with the spacecraft in this
con� guration showed no increase in any mass number except 69.
We have tentatively assigned this to CF3 fragments (from trapped
residualfreon solvents). No statisticallysigni� cant increasein water
vapor or in any other mass was observed.

Within 3.4 h after launch, the four TQCMs were cold enough
for accretion of organic species to occur, but they did not reach
their � nal equilibrium values (near ¡50±C) until nearly 20 h after
launch. The TQCMs point in different directions and have a wide
65-deg half-angle viewing � eld. Frequency changes occur when
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Fig. 6 TQCM 2 accretion measured from 2 h after launch until after
SPIRIT III cover ejection.

solar illuminationproduces thermal gradients in the TQCMs; how-
ever, molecular deposition can be distinguished from this thermal
effect as the spacecraft maneuvers and moves around its orbit.

According to model predictions,4 scattering by the argon cloud
during the � rst week increases the return � ux of these organic con-
densiblesby nearly a factor of 100 above the nominal value of 10¡6

expected at this altitude. If deposition had continued at this rate,
degraded performance effects soon would have been observableon
the solar arrays and thermal control system. After cover ejection,
the deposition rate slowed signi� cantly.

During the � rstweek, TQCM 2 (CZ ) viewing the solar arrayshad
the largestdepositionrate. The solar panels on MSX were subjected
to thermal-vacuum bakeout for > 60 h at 90±C before launch. The
TQCM frequencies recorded with minimum solar illumination are
reported as � lm thickness in Fig. 6. Film thicknessesare relative to
the value when the TQCM had reached its equilibrium temperature
at 20 h MET. Thicknessesare calculatedby assuming a � lm density
of 1 g/cm3. Just before the SPIRIT III cover release, a total of 1.2–
1.4 nm of contaminant had deposited on TQCM 2 (¼0.2 nm/day).
TQCM 1 pointed largely ¡X . As shown in Fig. 1, it thus has a view
of the solar arrays, but it had a somewhat smaller accretion rate
around 0.1 nm/day.

TQCM 3 (CY , ¡Z ), wake viewing for most of the time, had very
little accretion except for a discrete period at 60 h MET. Within a
period of much less than an hour, the frequency increased by 50 Hz
(1-nm-thick � lm). After that time, the frequency remained constant
or slightly decreased during the rest of the � rst week in orbit. At
60 h MET, the edge of one solar array had a direct line of sight onto
TQCM 3 and apparently deposited a � lm of thickness comparable
to that accumulated on TQCM 1 and 2 during the entire � rst week.
Thus, both cumulative exposure and even short-durationevents can
deposit � lms of thicknesses that produce optical attenuation in the
UV. Attention to details at this level is required during mission
operations planning to prevent optical system degradation.

TQCM 4 dominantly faces CX along the optical axis of the pri-
mary sensors and was positioned to have no direct view of any
spacecraft surfaces. Signi� cant accretion levels may indicate pri-
mary sensor accumulation. Between 24 and 90 h MET, a 0.4-nm-
thick � lm was deposited, a level suf� cient to cause concern for the
UV sensor. Thus, before opening the UV sensor protective cover,
we performeda real-timediagnosticexperimentto assess the impact
of this deposition rate on the UV optics. The TQCM crystal surface
was brie� y heated at 95 h MET from its operational temperature of
¡50 to ¡15±C (the temperature of the primary mirrors in the UV
spectrometers and imagers). Over 60% of the mass deposited on
TQCM 4 promptly evaporated during this process. The vapor pres-
sure of these molecules was suf� cient that they would not have ac-
cumulated on the warmer UV optical surfaces. Because the TQCM
crystalswere held at ¡15±C for only a few minutes, additionalmass
may have evolvedmore slowly.Also, TQCM surfaces are solar illu-
minated, and photolytic polymerization may induce conversion of
volatile molecules accreted at ¡50±C into permanently deposited

Fig. 7 Contamination� lm thickness observed onthe CQCM as a func-
tion of time.

high-molecular-weightchain species.13 Thus, the 40% of TQCM 4
� lm remaining after heating was believed to be a large overestimate
of the mass deposition rate that would have occurred on the UV
optical surfaces (which are never solar illuminated). Thus, based on
these observations and the modeled cover opening safety criteria,
we advised the planning team that it was safe to open the UV sensor
covers.

Cryogenic Film Deposition
The solid-argon-�lled Dewar covering the aperture at launch

formed the vacuum seal as well as reducing the radiative load on
the Dewar and acting as a getter for water (and organic) molecules
duringgroundprocessingand launch.However, if the coverwarmed
above 150 K before deployment, the molecules frozen on the door
would have a direct line of sight to the primary mirror and CQCM.
The early operations period duration is a balance between allowing
the external environment to decay to a level permitting safe op-
eration and the lifetime of the cryogen in the aperture cover. The
CQCM inside the SPIRIT III cryogenic Dewar near the primary
mirror provided a continuous monitor of the primary mirror tem-
peratureand accretion.Redistributionof condensedgaseswill occur
as the temperaturegradients inside the Dewar and telescope change
from ground values and with operations in orbit.

The deposited frozen � lm thickness on the CQCM during the
� rst week after launch is shown in Fig. 7. Again, a � lm density of
1 g/cm3 is assumed, yielding a value of 22.6 Hz per nanometer of
thickness.7 On two occasions during this period, the CQCM crystal
was heated to 40 K at a controlled rate of 1 K/min. The same os-
cillation frequency was obtained after each heating and was taken
as the reference for zero � lm thickness. There was a deposition of
0.7 nm from the time of the last pre� ight measurementuntil the � rst
orbital contact. The cumulative deposition from � rst contact until
cover ejection was an additional 6.1 nm.

A thermogravimetric analysis (TGA) was performed on the
CQCM at 121 and 134 h MET. Analysis of the frequency change
during the CQCM TGA warming cycle providesa measure of mass
fraction removed as a function of temperature. Essentially all of
the deposition evaporated between 26 and 34 K, with the peak rate
at 31 K. Based on controlled laboratory experiments14 and ground
testing,15 we identi� ed the deposited material as mainly molecular
oxygen, O2, arising from the redistribution of atmospheric oxygen
condensed during prelaunch cryogenic cooling.

Particles
Particles can reduce optical sensor performance by depositing

on sensitive surfaces, increasing scattering, and by obscuring or
distorting far-� eld optical scenes. Particles originating from the
spacecraft can be detected across the UV to IR spectrum by their
thermal emission, scatteredsunlight,and earthshine.The XEF oper-
ating in conjunctionwith a 10.5£13.1 deg IVW permitsquantitative
particlemeasurementin a volume centered2 m above the spacecraft
under conditions independent of external illumination levels. Par-
ticles are illuminated with 400- to 900-nm light in a series of nine
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Fig. 8 Sequential images of a single particle observed after a termination crossing at 123 h MET.

11-ms pulses sequenced to permit velocity determination within a
single image.6,16 During the � rst week in orbit, the particulates ob-
servedare likely residual from ground operationsas brought to orbit
with the spacecraft.

Althoughparticleswere clearlyobservedassociatedwith discrete
operational events (as described in the next section), particles were
observed even during spacecraft passive periods. At the 904-km
altitude of MSX, atmospheric drag effects are small and particles
can remain in the � elds of view of the optical instruments for long
periods. Particles were observed to remain in the IVW � eld of view
for over 200 s. Several data-collectionevents were scheduled at dif-
ferent positions around the orbit to isolate productionprocesses.At
123 h MET, the spacecraft was maneuvered to a constant attitude
(CX 50 deg to the sun vector) several minutes before umbra exit.
The spacecraft MLI surfaces had already undergone many insola-
tion cycles.(This was during the 72ndorbit.) Particleswere detected
in 5.5% of the images obtained as the spacecraft passed from or-
bital night into solar illumination. The sequential images of one of
these particle’s trajectories is shown in Fig. 8. The particle in this
image is at 200 cm and has a velocity vector of 20 cm/s relative to
the spacecraft. Mapping of the trajectories backward indicates that
the particles originated on the CX face of the spacecraft at a time
just after solar illumination.16 A particle also was observed moving
toward the spacecraft with a 30-cm/s velocity vector. This particle
also couldhaveoriginatedon MSX re-enteringthe � eld of viewafter
being released on an initial trajectory downward in the direction of
satellite motion, “ram.” Thus, atmospheric drag will decelerate the
particle relative to the spacecraft and cause it to sweep back toward
the spacecraft. The MSX external contamination model has shown
which ranges of sizes, release velocities, and directionswill lead to
trajectories that reencounter the spacecraft.

Discrete Events
SPIRIT III Aperture Cover Venting

The solid argon cooling the SPIRIT III aperture door vented
through two redundant spring-loaded valves, creating the argon
cloud surrounding MSX. The initial pressure burst at 6.5 h MET
was observed only by the TPS (Fig. 2). After the NMS was turned
on, a second burst was observed after 35 h MET by both TPS and
NMS. The NMS measures the absolute argon partial pressure, as
shown in Fig. 9. The pressure increaseproducedby the venting was
observed for approximately6 h. We believe that the argon vent was
stuckopen becauseof frozen material, redundantvalvecompetition,
or mechanical effects.11 A result of this extendedventing is cooling
of the SPIRIT III cover by 6±C during the extended release period
in response to gas expansion cooling and argon boiling-point de-
pression. Once the venting stopped, the cover temperature stopped
cooling and continued its upward trend. The vented argon concen-
tration surrounding the spacecraft as monitored by the TPS and
NMS remained at reduced levels for the next 12 h, until the cover
temperature returned to the level of its long-term trend.

Optical Sensor Door Openings
The XEF was operated during periods of mechanical operations,

such as all sensor door opening and cover release events. In spite
of the careful ground operationsproceduresto minimize particulate
levels, particles associated with every one of these events were de-
tected. An image acquired by the IVW 20 s after its hinged cover
opening contained approximately 20 particles. The particles were
observed via scattered sunlight (125 deg to CX ). To protect the
image intensi� er, the gain was relatively low for this image. The
particles have similar trajectories: away from the spacecraft with a
large velocity component along the direction of cover motion and
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Fig. 9 Argon density measured by the NMS from 20 until 200 h MET.

Fig. 10 Temporal decay of pixels per frame exceeding 5 standard de-
viations in brightness after IVW door opening.

a smaller perpendicularvelocity. Similar particle densities and tra-
jectories were observed associatedwith every sensor door opening.

Although the optical environment was severe during door open-
ings, the particles cleared quickly. The observed temporal depen-
denceof the particlesdetectedin the IVW images after its own cover
opening is shown in Fig. 10. Gain was changing during this period,
confoundingexactanalysis,but severaltrendswere observed.As the
gain increased, particles became observable 20 s after the opening.
Between 20 and 40 s, multiple near-� eld particles were detected in
each frame. Particlesnear the spacecraftwere out of focus, and their
image produced a blurred circle. This blurred particle image added
signi� cant (� ve times the dark noise) signal onto over 300 pixels
(roughly a 0.5 £ 0.5 deg angular portionof the image). Between 48
and 62 s, a single (very large) defocused particle slowly transited
the image, contributing radiance to over 700 pixels in each image.
Later in time (at 74–78 s), other single particles were detected. At
90 s, the imager switched to a far-� eld focus. A single particle was
observed in-focus moving through the � eld of view at distances in
excess of 65 m. In these data and during other cover openings,most
particles have moved out of the � eld of view of the IVW sensor in
less than a minute. At later times, straggling particles were nearly
always observed but represented a nuisance rather than a threat to
accurate measurement sequences.

SPIRIT III Cover Ejection
The IR sensor system is required to perform observations with

high off-axis rejection. The level of scattered radiation is an ex-
tremely sensitive function of particulate contamination levels on
the cryogenicprimary mirror.15 Because signi� cant particlegenera-
tion was expectedand observedwith all mechanical cover openings
on MSX, we plannedto open the SPIRIT III cover afterall other sys-

Fig. 11 TPS pressure measurements during SPIRIT III cover ejection
showing recession and rotation.

tems had beenoperatedin orbit.This delayalso permittedmolecular
outgassing to decay to lower levels.

The release of the SPIRIT III cover marked the end of the early
operations period and the start of the cryogenic operations period.
Based on modeled cover opening safety criteria, the contamination
team advised operations that it was safe to remove the SPIRIT III
coverby 108 h MET. Because the temperaturesof the argoncryogen
cooled cover were still in the acceptable range, the release was
performed as planned at 165.95 h MET (slightly less than seven
days after launch).

The SPIRIT III cover (100-kg mass, ¼0.5-m diam) requires a
release mechanism with pyrotechnic actuators. Thorough ground
testing of the sealed pyrotechnic devices demonstrated that only
very small quantities of gases (mainly CO2 ) were released. Upon
actuator release, springs force separation and rotation of the cover.
Release occurs after rotation to 30 deg from the optical axis. Based
on groundtesting, the coverwas predicted to move away from MSX
at a velocity of 0.74 m/s after ejection, rotating about its center of
gravity once every 3–4.2 s. We were able to observe the effects of
cover opening in the data from several instruments.

The TPS data from the period after cover ejection are shown in
Fig. 11. The door opening time is clearly marked by a pressure
increase as the cover moves into the TPS � eld of view. The ambi-
ent pressure surrounding the spacecraft drops by almost 3 orders
of magnitude within the � rst 3 min after release to a value below
10¡9 torr, i.e., after theargonventingsource is removed,thepressure
rapidly decays to below the predicted level expected from residual
outgassing; see right-hand side of Fig. 2. The pressure oscillation
caused by cover rotation is reproducible and implies a rotation pe-
riod of 4.8 s. Analysis of the pressure decrease11 derived a velocity
away from the spacecraft of 0.84 m/s, in excellent agreement with
expectations.

The cover continues to vent argon as it tumbles away from MSX,
and some of these atoms reach the primary IR mirror within the
SPIRIT III telescope. The CQCM detected a 7.2-nm increase in
accreted mass during this cover release, as shown in Fig. 7. The
magnitude of this increase is very consistent with the integrated
pressure history observed by the TPS during cover release. A TGA
was performed several weeks after cover release.The mass evolved
from the CQCM at temperatures indicating that this entire deposit
was likely argon. Based on prelaunch laboratory measurements of
cryogenicmirror performancedegradation,10 the changes in mirror
properties resulting from the molecular depositionmeasured on the
CQCM during the � rst week and during cover ejection are consid-
ered insigni�cant.

The shock from the pyrotechnic actuators imparted momentum
to the spacecraft and resulted in the release of many particles from
spacecraft surfaces. These dislodged particles are probably from
ground operations and brought to orbit on MSX surfaces. The dis-
lodged particles are observed with the primary optical sensors by
UVISI and by SPIRIT III itself.

Three sequential frames for the UVISI IVW imager are shown in
Fig. 12. They were taken just after the time of the SPIRIT III cover
release and were separatedby 0.5 s. The optical environmentis very
severe at this time, with an optical transmission to the far � eld near
zero. Particle velocities extracted from the pulsed illumination are
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Frame 63 Frame 64 Frame 65

Fig. 12 IVW imager data frames 0.5 s apart from time of SPIRIT III cover ejection. Particles in the meter-per-second range are observed.

on the order of meters per second. The � rst objects observed by the
IR radiometer arrays were the bright near-� eld tracks of particles
from its cover release. Radiance from up to nine out-of-focus par-
ticles were detected in the � rst image. Shortly after the SPIRIT III
cover release, MSX maneuvered its optical axis away from the re-
ceding cover. Within 2.5 min, particles were no longer observable
in the UVISI IVW images. Although previous IR radiometric space
observationsof particles indicate that they should be observableout
to distances of many kilometers,8 particle tracks were no longer
observable10 min after cover release.Thus, the cover-inducedpar-
ticles rapidly move away from MSX and out of the � eld of view.

Conclusions
The contamination instrument data have been shown to be use-

ful for making informed decisions about spacecraft operations and
primary sensor performance. We have demonstrated the ability to
providenear-real-timeresponsesto operationalissues.This rapid re-
sponse permittedassessmentof primary optical sensor performance
and prioritizationof various activities.The informationprovidedby
our instruments permitted the primary sensors to become opera-
tional as soon as possiblewithout compromising their performance.
This saved efforts by the operations team in contingency planning
(and replanning) time. The TPS proved to be particularly valuable
during early operationsby providinghigh-time-resolutiondata.The
CQCM sensed the total integrated � lm thickness deposited near a
location of critical concern—the SPIRIT III primary mirror. The
CQCM provided continuity from ground operations that provided
con� dence that the optical sensor performance had not suffered
performance degradation from its prelaunch level until after cover
opening in orbit because of � lm deposition.

At the end of the MSX early operations period, the contamina-
tion instruments indicated that 1) SPIRIT III optical surfaces suf-
fered negligible performance degradationfrom their prelaunch lev-
els because of molecular � lm deposition;2) the UV/visible sensors
suffered negligible performance degradation because of molecu-
lar � lm deposition from the external environment surrounding the
spacecraft; and 3) it was safe to initiate the mission measurements
plan with only occasional interference (at an acceptable level) from
gaseous or particulate contamination.

The contamination instruments veri� ed that careful material se-
lection and groundassembly proceduresresultedin a spacecraft that
could be ready to perform sensitive optical measurements on orbit
after a short predictable period for outgassing. The contamination
instruments validated the MSX external contamination model pre-
dictions. Such validated models will be a valuable asset to future
space systems designers. We recommend that a reasonable cost-
effective contamination control plan and contamination model be-
come standard tools in future spacecraft design. A more complete
assessment of the contamination control plan and its effectiveness
will be done after the long-term environmenthas been measured.
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