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The midcourse space experiment satellite is a space-based sensor platform designed to collect earth and atmo-
spheric remote sensing and astronomy data in support of ballistic missile defense and civilian science objectives.
Because of the potential adverse effects of contamination on the main optical sensors, the satellite contains a
suite of contamination-monitoring instruments designed to completely characterize the source, generation, and
mechanisms of contaminationof space optics and to validatepre� ight contaminationmodels. Descriptions of these
contamination instruments, their calibration and testing, and the ground test data collected are presented. The
sensitivity to contamination of the main optical sensors, which are imagers and interferometers in the infrared,
visible, and ultraviolet spectral regions, are also discussed.

Nomenclature
Ic = collected current, A
I0 = incoming current, A
m=z = mass-to-charge ratio
Va = initial drift space potential, V
Va C b = second drift space potential, V
VE = ion energy, V
VR = retarding potential, V
Vs = stopping potential, V
Vsc = cutoff potential (voltage at which ion current goes to

zero), V

Introduction

T HE midcourse space experiment (MSX) satellite, with an ex-
pected lifetime of 5 years, was launched on a Delta II rocket

on April 24, 1996, from the Western Test Range at Vandenberg
Air Force Base into a sun-synchronous orbit at an altitude of 903
km and an inclination of 99.36 deg. It is primarily a long-term
space-based data collection experiment on the phenomenology of
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target detection and tracking. In addition, it will perform vari-
ous experiments in support of science objectives on astronomy
as well as Earth and atmospheric sensing.1 Onboard instrumen-
tation includes the space infrared imaging telescope (SPIRIT III)
provided by the Space Dynamics Laboratory of Utah State Uni-
versity, the ultraviolet and visible imagers and spectrographic im-
agers (UVISI) and the contamination experiments provided by The
JohnsHopkinsUniversity,AppliedPhysicsLaboratory(JHU/APL),
the space-basedvisible (SBV) telescopeprovidedby Massachusetts
Institute of Technology’s Lincoln Laboratory, and the onboard sig-
nal and data processor experiment provided by Hughes Aircraft
Company. A more complete description of the spacecraft, its as-
sociated hardware, and its scienti� c objectives has been published
previously.1

Optical sensor performanceis degradedwhen molecular � lm and
particulatesaredepositedonmirrorsandwindows.The major source
of this contamination is the spacecraft itself, althoughcondensation
of ambient gaseous species is possible at the SPIRIT III operating
temperatureof 15 K. Self-contaminationresults fromspacecraftma-
terials outgassing in vacuum and from particles either carried into
orbit from the groundor generatedby materialsmovingagainsteach
other in space.To minimize self-contamination,only low outgassing
materials were used in the fabricationof the spacecraft,and a rigor-
ouscontaminationcontrolplanwas implementedduringfabrication,
testing,and launchprocedures.The contaminationexperimentswill
monitor the spacecraft environment in orbit to identify contamina-
tion sources, assess the effectiveness of the MSX contamination
control plan,2 and validate the preorbit contamination models used
to predict the contamination environment.3

Instrumentation
The effectiveness of the MSX contamination control plan,2

which has been implemented throughout design, materials selec-
tion, fabrication, and handling, will be evaluated in actual or-
bital contamination “performance” with a suite of contamination
monitoring instruments. The seven space-quali�ed instruments are
total pressure sensor (TPS), neutral mass spectrometer (NMS),
ion mass spectrometer (IMS), cryogenic quartz crystal microbal-
ance (CQCM), temperature-controlled quartz crystalmicrobalances
(TQCMs), xenon � ashlamp experiment (XFE), and krypton � ash-
lamp experiment (KFE).
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Total Pressure Sensor
The design of the TPS (Fig. 1) is based on the inverted Redhead

gaugeor cold-cathodegauge,4 whichhadpreviously� own in numer-
ous spacecraft such as the plasma diagnostic experiment.5–7 This
gauge, however, has been modi� ed for measuring pressures as low
as 1£10¡10 torr to measure the expectedambientpressuresbetween
10¡6 and 10¡11 torr. The cold-cathodegauge has been the preferred
pressure sensor for most space� ight missions because of its inher-
ently rugged constructionand the absence of a hot � lament for gen-
erating electrons. Such � laments are often the life-limiting compo-
nent for pressuresensors (and mass spectrometers) on long-duration
spacecraft such as MSX. Coupled with the higher sensitivity to low
pressures, however, is the dif� culty of starting the ionization pro-
cess at the lower gas densities; thus, the TPS will not be turned off
in orbit unless an emergency or some unforeseen event such as a
power failure occurs. The TPS can be turned on again at pressures
as low as 1 £ 10¡10 torr but with a delay of a several seconds.

The instrument was calibrated at the National Institute of Stan-
dards and Technology (NIST) for the gases H2 , He, H2O, N2, O2,
and Ar for pressures ranging from 1 £ 10¡4 to 1 £ 10¡10 torr. It was
also cross calibrated(Fig. 2) with the NMS total ion currentmonitor
so that pressures lower than 1 £ 10¡10 torr can be obtained with the
NMS toward the latter half of the MSX mission, when the TPS may
not have the necessary sensitivity.8–10

NMS
The NMS (Fig. 3) had � own in space previously as part of the

space transportation system (STS) induced environment contami-
nation monitor. A detailed description of the instrument has been
published.11 Similar mass spectrometers were also � own on the
AtmosphericExplorer C, D, and E12 and on the Dynamics Explorer
Satellites.13

The NMS is a closed-source quadrupole instrument with an
electron-bombardmention source. Chemical species enter the mass
spectrometer antechamber through a knife-edgedori� ce. In the an-
techamber, the species come into thermal equilibrium through mul-
tiple collisions with the walls before being ionized by conventional
electron-impacttechniques.The ionized species are then collimated
into the quadrupole analyzer, which uses both a dc and rf voltage

Fig. 1 MSX TPS.

Fig. 2 Schematic of the cross-calibration chamber used for the TPS
and NMS.

Fig. 3 MSX NMS.

across four rods to select a speci� c m=z. The instrument can oper-
ate over the range 1–150 m=z. Ions with the selected m=z then pass
through the quadrupole analyzer and are detected with an electron
multiplier. The spectrometer can be operated in either a scanning
mode with 1- or 1=16-m=z steps or a single-ion monitoring mode
in which selected peaks are monitored continuously for increased
sensitivity.

Calibration was performed in an all-metal turbopumped vacuum
chamber (Fig. 2).14 The typical base pressure of this system was ap-
proximately 5 £ 10¡9 torr. A quadrupole partial pressure analyzer
and two Bayard–Alpert ionization gauges, previously calibrated in
the NIST calibration chamber, were used to provide transfer stan-
dards.The ion gaugeswere operatedwith a 0.875-mAemissioncur-
rent. Calibration gases were introduced into the chamber through
a precision leak valve, which was connected to a ballast tank. The
partial pressure of the calibration gas in the vacuum chamber was
controlled by varying the ballast tank pressure. By this technique,
the calibrationgas partialpressurewas varied from the base pressure
up to 1 £ 10¡6 torr (limited to 1 £ 10¡7 torr in the case of reactive
gases) by factors of three at each step.

To provide a reproducible baseline, the NMS was repeatedly
calibrated in helium. Helium, the predominant naturally occurring
specieson orbit, is not reactiveand thereforedoesnotproducechem-
ical changes in the � lament or the source region. The NMS sensi-
tivity is reproducible within 20%, even after the NMS has been
exposed to a highly reactivegas such as oxygen or water vapor. The
two � laments have slightly different sensitivities.

The characterization of the NMS in water vapor is extremely
important to the MSX program because it is expected to be the
primary contaminant in the spacecraft environment.The spacecraft
itselfwill be theprimary sourceof the watervapor,which previously
had adsorbedonto the blanketsand exposedsurfacesof all elements
of the spacecraft.

The deposition of water vapor on the sensitive cryogenic opti-
cal surfaces and the subsequent loss of sensor performance are of
paramount concern.Calibration of the NMS in water vapor was ac-
complished by means of a NIST prototype water vapor source con-
nected to the vacuum chamber through a precision leak valve. The
instrumentresponsewas limited to a maximumpressureof 10¡7 torr
to protect against failure of the NMS � lament. The NMS response
was strongly time dependent,with equilibrationtimes ranging from
1 to 2 h. In addition, other gas species were generated within the
vacuum chamber and detected by the NMS, especially hydrogen,
carbon monoxide,and carbon dioxide.The responseof the Bayard–

Alpert gauges to these gases was determined before calibration of
the NMS. Consequently,it was possibleto correct the gauge reading
for the presence of these species to determine the gauge response to
water vapor alone.

The response of the NMS to water is basically linear, although
large amountsof othergaseswere generated.Note that the operation
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of a single gauge can lower the expected water vapor partial pres-
sure by several percentages because of water vapor reactivity with
the � laments. During NMS calibration, two ionization gauges and
two partial pressure analyzers, including the NMS, were operated
continuously.Thus, ample opportunityexisted for water vapor to in-
teract with the � laments to produce large amounts of H2 , CO, CO2,
and other gases. Initially, these other gases increased at a rate sim-
ilar to water vapor but were evidently limited by a process that was
reaching saturation in the chamber. Some contribution because of
increaseddesorptionof these contaminantgases from the walls was
also present, because these gases increased somewhat during cali-
brationof helium,argon,andothernonreactivegases.The sensitivity
of the NMS (10-mA � lament emission current, � lament 1) to water
vapor was 4 £ 1010 counts/torr but was slightly pressure dependent.
Thus, the NMS water vapor sensitivityis comparableto the sensitiv-
ities for well-behavednonreactivegases such as nitrogenand argon,
for eachofwhich theNMS hada sensitivityof 1–4£1011 counts/torr,
depending on � lament emission and NMS detector con� guration.

The NMS was also calibrated with other molecular species that
will be present on orbit. Argon and hydrogen will be the predom-
inant contaminants in the spacecraft environment because they are
the byproducts of the SPIRIT III sensor cooling system. Although
atomic oxygen will be present on orbit, it will react on surfaces and
remain adsorbed or recombine to form molecular oxygen; hence,
O2 , was a calibration gas. Finally, nitrogen was used in instrument
testing as the standard by which other mass spectrometers could be
compared to the NMS.

The NMS analyzer tube has been back� lled with trace amounts
of four noblegases: helium, argon,krypton,and xenon. These gases
provide the means of comparing ground and orbital performance.
Their concentrations are well known and were measured monthly
during the integrationand testing phase of spacecraft development.
Before the NMS aperture cover is opened, the instrument will be
operated to determine its on-orbit performance.

IMS
The IMS (Fig. 4) is a Bennett 5-3 cycle rf mass spectrometer

designed to record the ion � ux as a function of mass.15 It is similar

Fig. 4 Schematic of the Bennett 5-3 cycle IMS tube.

Fig. 5 Schematic of the IMS calibration facility.

in design to the instruments � own on the Atmospheric Explorer
C satellite,16 the STS-51F,17 and the Pioneer-Venus Orbiter.18 The
Bennett IMS consists of a spectrometer tube and associated elec-
tronics.The spectrometer tube consists of a lightweight anodizedA
sensorhousingwith polyimidespacers and � ne-meshgrids attached
to stainless steel grid rings to which various rf and dc voltages are
applied. The spacing between the grids in the analyzer sections and
rf applied to the grids determine the ion mass selected by the spec-
trometer.A more completedescriptionof the IMS and thecalibration
techniques can be found elsewhere.19

The experimentalsetup of the IMS calibrationis shown in Fig. 5.
An ion gun and the IMS sensor tube are mounted on oppositeports,
with their ori� ces along the center line of the cylinder. The IMS
electronics were located outside the vacuum chamber. A coaxial
transparent retarding potential analyzer (RPA) is mounted on the
inside � ange in front of the IMS sensor ori� ce to measure the total
ion � ux entering the sensor. An ion � ux of different ion constituents
is produced by leaking various calibration gases into an ion gun. A
schematic of the ion source and the RPA calibration equipment is
shown in Fig. 6.

The objectiveof the IMS calibration19 is to determine instrument
ef� ciency as a function of Vs . The ef� ciency is the ratio of Ic to Io

as recorded by the RPA. Ion ef� ciency varies from one ion species
to another, which results in the requirement to calibrate the IMS
for all ion species of interest. During each spectral calibration, Vs

will be varied over a range from 45 V to Vsc. IMS calibration was
performed with seven different gases (H2 , He, H2O, N2 , O2, Ar, and
CO2 ), which were ionized in an ion gun. Reactions in the ion gun
also produce other ion constituents related to the primary gas. The
IMS ion current will be recorded as a function of Vs for each ion
species (fundamental) and harmonically identi� ed by the IMS peak
picker electronics.

The expected ionospheric and contaminant species were used to
identify the types of ions to be used in the IMS spectral calibration.
The ionospheric species at the MSX altitude of 900 km are pre-
dominantly HC, HeC, and OC based on the international reference
ionosphere. The contaminant ion species and � ux expected in the
vicinity of long-duration satellites such as MSX are not presently
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Table 1 MSX primary optical instrument speci� cations

Sensor Function Spectral region, ¹m Resolution Field of view, deg

UVISI imagers Staring/scanning
Ultraviolet wide 0.11–0.18 820 ¹rad 1.28 £ 1.59
Ultraviolet narrow 0.18–0.30 90 ¹rad 10.5 £ 13.1
Visible wide 0.38–0.30 820 ¹rad 1.28 £ 1.59
Visible narrow 0.30–0.90 90 ¹rad 10.5 £ 13.1

Spectrographic imagers Spatial/spectral 0.113–0.902 0.5–4.3 nm 1.0 £ 1.0
SBV Staring 0.30–0.90 60 ¹rad 1.4 £ 6.6
SPIRIT III radiometers Scanning 6.0–10.9

4.22–4.36 1 £ 0.75
4.34–4.45 90 ¹rad 1 £ 1.5
11.1–13.2 1 £ 3
13.5–16.0
18.1–26.0

Interferometer Spectral (six � lters) 2.5–28 2, 3.9, 20 cm¡1 0.86

Given the calibrated instrument constant and the calibrated re-
sponsivityof the OH radiometer,one can calculate the performance
of the instrument when viewing the celestial background. In � ight,
the dominant background will be celestial radiance from the back-
ground stars. A minimum detectable H2O density of 1:6 £ 107

molecules per cm3 with a signal-to-noiseratio of 3 is predicted.

Main Optical Sensors
In additionto thededicatedcontaminationinstrumentsalreadyde-

scribed, the primaryoptical sensors on MSX will be able to measure
the contaminationenvironmentby observing changes in the radiant
signature levels as particles and molecules pass through their � elds
of view. Contamination transported onto the optical surfaces of the
primary sensorswill also be detectedby sensor optical performance
degradation. The performance speci� cations of the MSX primary
opticalinstrumentshavebeenreviewedelsewhere1;31;32 andare sum-
marized in Table 1.

The UVISI imagers and interferometersprovide the spectral res-
olution necessary to discriminatemolecular contaminationfeatures
from background emissions. Contamination molecules will be ex-
cited into emitting molecular states by solar � uorescence and pho-
tolysis (in the ultravioletand visible) and by collisionaland thermal
excitation processes (in the infrared). The observed molecular sig-
natureswill be comparedwith syntheticemission predictionsto � rst
identify the emitting species and then extract internal (electronic,
vibrational,rotational) populationdistributions.These distributions
will provide insight into the excitation mechanisms.

The radiometers/imagers detect light over broad spectral bands
and more easily detect less spectrally structuredparticle emissions.
The SBV and the UVISI imagers are staring array systems with se-
lectable integrationperiods. The SPIRIT III radiometer linear array
� eldsof view can be scannedto create a two-dimensionalpseudoim-
age. The � elds of view of these sensorswere carefullycoalignedbe-
fore launch to permit accurate observation and comparison of phe-
nomena in different spectral bandpasses. Particle tracks observed
in the imagery will permit particle position, velocity, and trajectory
reconstruction.Observation of the same particle in several spectral
bandpasses will potentially permit particle composition identi� ca-
tion as described below.

Contaminationdeposition on the primary instrument optical sur-
faces will also be assessed. The SBV has incorporated an in situ
scatter source to permit monitoring of mirror quality degradation
in a relative sense over the duration of the mission. The CQCM
sensor has proven invaluable in assessing the level of accretion on
the cryogenic primary mirror of SPIRIT III. Careful experiments
are planned on orbit to use the angular dependence of the off-axis
rejection of the radiance from the Earth limb and moon to moni-
tor performancedegradationof all these telescopedoptical systems
throughout the lifetime of the mission.

The optical properties for materials likely to be produced by or-
bital erosion, abrasion, thermal cycling, and outgassing have been
assembled.These materials include silver, aluminum, alumina, car-
bon, carbon dioxide and water ices, silicon dioxide, and titanium
dioxide. Metal � lms of silver and aluminum are likely to be cre-
ated from the degradation of coatings on re� ectors and insulation.

Alumina is formed by solid-rocketmotor exhaust and by the orbital
oxidation of aluminum. Amorphous carbon soot is representative
of high-emissivity black optical coatings that have been released
by abrasion. Silicon dioxide is a likely contaminant during ground
processing that is brought to orbit. Titanium dioxide is a common
pigment in white paints that is released as its binder is degraded.
The wavelength-dependentscattering indices of these species pro-
duce spectrallystructuredradiances.Details of this calculationhave
been described elsewhere.33 Each of the eight species considered
possesses a unique identi� able radiant intensity spectrum. Thus,
particles of these compositions could be identi� ed from the simul-
taneous observationsof the MSX primary sensors.

Particles will leave spacecraft surfaces with a wide range of ve-
locities. Whereas thermal desorption and mechanical abrasion will
favor slowly moving particles,34;35 micrometeorite impact can pro-
duce rapidly moving particles.36 Particles leaving spacecraft sur-
faces will be acceleratedby atmospheric drag (and magnetic forces
if charged). Theyare expectedto leavethe surfacewith a velocityrel-
ative to the spacecraft. Molecules of the tenuous upper atmosphere
collide with the particles at an 8-km/s velocity and exert drag, forc-
ing them to slow relative to the atmosphere (but accelerate away
from the spacecraft). Particle acceleration in the spacecraft frame
depends on atmospheric density and composition (these quantities
will be measured by the NMS and TPS aboard MSX). Particles will
be in the optical � eld of view either by having a trajectory passing
directly through the near-� eld observed volume or a trajectory ini-
tially to the windward of the optical axis that is swept back into the
observationvolume. Particles are expected to remain in the vicinity
of the spacecraft and be acceleratedover a 100- to 10,000-s period.
Thus, particles could be resident in the � eld of view for an entire
data collection event.

Automated algorithms were developed to extract position and
velocity of particles observed in the MSX imagery database. Au-
tomated analysis will be essential to permit even cursory ex-
amination of the large MSX database for contamination feature
identi� cation.33

Summary
The suite of instruments composing the MSX contamination ex-

periment has been well designed for study of the phenomenology
of gaseous and particulate generation in orbit. Each of the contam-
ination instruments has been calibrated on the ground so that the
� ight data can be reported in quantitative engineering units. Of in-
terest are the level of molecular and particulate environmentduring
early missions (� rst 2 weeks after launch), their decay rates over the
mission life of 5 years, and their effect on the performance of the
optical sensorsas well as the electricaloutputof the solararrays.It is
alsoanticipatedthatdiscretecontaminationeventswill bemeasured,
such as particulate size distribution, counts and decay rate during
each of the optical instruments’ door openings, and release of sev-
eral calibration spheres. On the basis of knowledge of the materials
present, the actual contamination measured, and the contamination
levels predicted by our models, it is anticipated that we will modify
the models to � t the data and thus come up with a validated con-
tamination model for this type of spacecraft. In addition, the neutral



UY ET AL. 225

and ion mass spectrometers,which will be continuouslytakingmass
spectral data from day 2 through mission year 5 should provide a
large database of the Earth’s ambient atmosphere at the MSX alti-
tude of 900 km for the Mass Spectrometer Incoherent Scatter and
International Reference Ionosphere atmospheric models currently
in use by the space science community.
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