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ABSTRACT

December 18, 2004 marked the fifth anniversary of the
launch of NASA's Terra satellite to study the Planet
Earth, and the MOPITT (Measurements of Pollution in
the Troposphere) instrument’s fifth year of successful
operation monitoring carbon monoxide in the
amosphere. The MOPITT instrument contains five
very different types of mechanisms, al precision
engineered to meet the demanding mission
requirements. This paper provides an overview of the
mechanism designs along with measured |ong-term on-
orbit performance. It gives accounts of on-orbit
problems experienced with the mechanisms and
describes how they were overcome. The results
demonstrate how an appropriately chosen redundancy
and fault isolation scheme have been essential to the
continuing operation and success of the instrument.

1. THEMOPITT INSTRUMENT

The MOPITT instrument is designed to measure
pollutants in the lower atmosphere. It was launched on
December 18, 1999 aboard NASA® Terra satellite and
continues to provide data to the scientific community
to the present time. The data on carbon monoxide
(CO), a principal atmospheric pollutant, now provides
a 5-year record which has been extensively used in
scientific analyses and in validation of modeling
efforts.  Signatures of industrial activity, biomass
burning and forest fires are readily discernable in the
data and significant variations of these over the last
five years have been found. In addition, the transport
of CO around the globe has been studied and it is clear
that transport over trans-continental distances happens
frequently. The vertical transport in storm systems has
also been studied and the "pumping” of the gas from
the near-surface, where it is produced, to the middle
troposphere (5-10km altitude) has been observed.

A world mapping of carbon monoxide derived from
MOPITT measurements is shown in Fig. 1. The dark
areas in South America are very high concentrations of
CO caused by burning in the rain forests. The high
concentrations in Africa are due to an annual burning
of grasdands.

Fig. 1. MOPITT Carbon Monoxide Measurements
[http://terra.nasa.gov]

The MOPITT instrument contains four optical chains
initiated by four scan mechanisms, which are split into
eight independent channels. Each channel uses a
technique known as correlation spectroscopy to
perform the science measurements. This uses a sample
of the gas in the optical path. By performing
synchronous demodulation of the detected IR signal,
the system functions as a complex filter, providing
very good spectral resolution and good sensitivity by
incorporating several molecular lines simultaneously.

2. THEMOPITT MECHANISMS
The MOPITT instrument contains two port covers (Fig.

2), which were opened following launch and satellite
decontaminati on.
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Fig. 22 The MOPITT Port Covers

Inside the instrument, MOPITT contains five very
different mechanisms working in harmony to produce
the science data (Fig. 3). Once the light enters the



open ports it is reflected into the instrument by a scan
mirror, which continually sweeps over a +25.2° angle.
The light proceeds through a chopper mechanism,
which turns continuously at 1800 RPM. The light is
then routed to the Length Modulating Cells (LMC), or
Pressure Modulating Cells (PMC) which contain the
gas samples for the modulation. The light continues
through the cells and other optics to the detectors. The
detectors are cooled to their operating temperature of
approximately 90 K by Stirling Cycle Cryogenic
Coolers.
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Fig. 3: Thelnterna MOPITT Mechanisms

The MOPITT mechanisms are described in the
following sections.

2.1 Port Covers

The MOPITT instrument contains two port covers
(shown above in Fig. 2) which were required to open
only once on orbit. The capability exists to reclose
them if necessary, but to date this has not been
required.

The Earth Port provides the view to the Earth for the
scientific measurements. The Space Ports provide a
view of deep space for calibration readings. The Port
Covers provided a non-hermetic seal for the ports,
principally acting as dust and contamination covers
during launch and ground conditions.

The Earth and Space Port Covers share a common
design as shown in Fig. 4. The covers are driven by a
1.8° hybrid stepper motor with redundant windings and
a 3 stage 300:1 planetary gear train. The high gear
ratio was required to allow the covers to be opened in a
1 G environment in any orientation to assist in ground
operations. To prevent incidental contact of the open
covers backdriving the motors at high speed, the
motors were fitted with a C-beam style frictional

clutch. Redundant heaters were wrapped around the
motor in case conditions were colder than anticipated.
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Fig. 4: Space Port Cover Design

The motor bearings were sized so that they could
support the corner loading of the cover. The opposite
end of the door was supported by a spherical bearing to
offset any distortion or misalignment which could have
occurred between the cover and supporting structure.
A low out-gassing viton gasket was used to improve
the seal around the edges of the door. A solid Teflon
insert was attached to the door to interface with the
gasket to prevent any risk of stiction.

During launch and vibration testing, the cover was
secured and preloaded using a high-output paraffin
wax (HOP) driven latch. The latch was manually
resetable. Following release, a coil spring on the latch
T-bar ensured that the T-bar would be pulled free of
the latch. Once the latch limit switch indicated that the
latch was open, the motor was commanded to open the
door. The motor was step counted to the required door
position. An optical encoder consisting of a simple
LED emitter and receiver provided a signal to indicate
that the door was fully open.

The port covers were successfully opened on Feb. 28,
2000. They have remained in the off state since this
time although proper telemetry continues to be
received from the optical encoders.

2.2 Scan M echanisms

There are four scan mechanisms on the MOPITT
instrument (Fig. 5). The purpose of the scan
mechanisms is to provide a swath path over a larger
range as the satellite flies over the Earth. By sweeping
through its range of £25.2°, an effective swath path
width of approximately 650 km is created. This allows
the full Earth to be imaged over a period of about 4
days or 65 orbits (Fig. 6).



Fig. 5. Scan Mechanism

Fig. 6: CO DataMap [http://visibleearth.nasa.gov]

The scan mechanisms consist of a stepper motor,
encoder, and scan mirror with a highly reflective gold
coating. The motor is essentially the same as the port
cover motor, except that it has no gear train, no clutch,
and no redundant windings. The motor contains a front
duplex pair of bearings, along with a single spring
preloaded trailer bearing. The bearings contain TiC
coated 440C balls and Reolube 2000 lubricant for long
life and low bearing friction. A Nylasint oil reservoir
surrounds the bearings to replenish any lost oil.

The scan motors continuously sweep over an angle of
1+25.2°. The scan mirror is moved 3.6° every 0.45
seconds as the motor is pulsed through its operating
range. At each step, the mirror needs to stabilize its
position within 0.05 seconds so that a science reading
can be taken. 0.40 seconds is alowed for the science
reading at which point the motor moves to the next
position. When the motor reverses direction at the end
of the sweep, it initialy steps back 1.8° to provide
imaging at the intermediate locations.

At each hold position, the motor position is held by the
control electronics at the intermediate point between
the magnetic detents with an accuracy of better than
0.05°. Initia testing determined that more accurate
positioning could be accomplished by this method,
rather than by scanning at each magnetic detent
position. It was also considered to short the coils at
each step position to improve the stability and

accuracy, but this was eventualy determined to be
unnecessary. The detent hold is controlled open loop
by the electronics; there is no positional feedback to
improve the accuracy.

After every set of 5 complete scans (about every 2.5
minutes), the scan mirrors rotate 90° from their nadir
position to stare through the space ports to deep space
to provide a calibrating reference signal. In addition,
after every 20 scans, the mirrors rotate 180° from nadir
position to stare at the on-board black body sources
which can be warmed to 475 K. The radiation from the
black body sources is reflected into the instrument
system by the scan mirrors to provide a hot reference
signal for calibration.

Positional information is provided by an LED
transmitter and receiver, similar to the port covers. A
disk with precision slots is mounted to the motor shaft
on the opposite end to the scan mirror. When the
transmitter shines through the dots, the receiver
provides a signal to the telemetry housekeeping
system. Position signals are included for nadir, end of
sweep range (+25.2°), and at calibration position.

Three of the four scan mechanisms have operated
flawlessly over the five year on-orbit life. One scan
motor ceased operation after 2 years on orbit. The
cause of the problem could not be positively identified,
but it is not believed to be a fault in the mechanism.

A typical scan mirror current draw is shown in Fig. 7
from launch to the present time. The plot shows avery
stable mechanism with a normal variation of less than
1 mA and adlight trend of lower current draw.
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Fig. 7: Scan Motor #4 Current Draw Over 5 Years



2.3 Length Modulating Cells

The Length Modulating Cells (LMC) in MOPITT
represent the first space-borne application of this
length modulation technique. The LMC’sare shownin
Fig. 8. A cross-sectionisshowninFig. 9. Key design
issues were related to a bearing lifetime of over 2 x 10°
cycles, a constant operating speed of 800 RPM,
preventing contamination of the optics, and sed
integrity for storage of the gas sample.

Fig. 8: Two LMCsand Sieve Sub-Assembly
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Fig. 9: LMC Cross Section

The LMC devices physically modulate the path length
of the gas stored in a sealed optical cell between optical
path lengths of 1.5 and 9.5 mm. In doing so, the
absorption is modulated at the spectral lines of the gas.
The LMC implements this principle by displacing the
gas with an optical rotor to vary the absorption of the

cell. A matched rotor is operated within a second,
evacuated cell, operating with a 90" phase lag to the
first, thus compensating for optical effects of the
modulating rotor. The rotor is a precision calcium
fluoride optical element maintained to a parallelism of
less than 2 arcsec across the 10 mm outer diameter of
the ®owtieCshape. A 4-pole magnetic coupling links
the motor drive shaft in the compensator cell with that
in the modulator cell, allowing a single motor to drive
both rotors with a reduced risk of contaminating the
stored gas. The stiffness of this coupling was designed
to preclude flipping of rotor states. Further design
details are documented in a previous paper [4].

The pressure of the gas cell is adjustable between 20
and 80 kPa with the use of a molecular sieve,
effectively adjusting the sensitivity of the optical filter
to the desired altitude of the source gas [3]. Gold and
indium plated inconel C-seals are used to contain the
gasin the modulation cell.

The three main housings sections were machined from
titanium (CP-70). Windows were fabricated from
germanium and sealed into the housings with a low-
viscosity epoxy, using a capillary bonding technique.
A flexure was added to the modulator housing to
relieve stress imposed on the window bond by the C-
seal loading. The rotors were joined to stainless
deeves using a capillary bond, which provides a low
stress interface.

A 6-pole brushless-DC motor with Hall-effect sensor
commutation was selected to drive the optical rotors.
An optical encoder unit was configured to provide 72
pulses per rotation, with one unique, longer pulse per
rotation. Based on feedback from this encoder, the
mechanism was driven in a constant velocity mode,
phase locked to a synchronization clock [9]. 440C R6
back-to-back duplex pairs, with 22+4 N preload,
support the cantilevered optica rotors (~120 g each).
A porous polyimide Meldin 9000 provides lubricant
storage of ~130 mg per duplex pair. As a precaution,
launch mode was incorporated at 10.5 rad/s (100 rpm)
to minimize torque noise, which might result from
micro-brinelling.

Based on a survey of documented life-testing available
at the time, solid lubricants and perfluoropolyalkyether
(PFPE) liquid lubricants were ruled out as candidates.
These lubricants were considered incompatible with
the life requirement due to the degradation
phenomenon of @olymerisation©even with the use of
TiC coated balls. Instead, the NY E 2001T oil with 1%
synthetic tricresyl phosphate (TCP) and 0.3% phenolic
anti-oxidant was chosen for the lubricant. An
outgassing analysis was conducted to evaluate the
potential film deposition on the internal optics with the



Nye 2001A Ilubricant and TCP additive considered
independently for effects on ©ptical balance©(change
in transmission effects other than stored gas). The base
oil was estimated to contribute an order of magnitude
of change below the required stability of optical
transmission. The bearing assemblies were vacuum-
baked following run-in to remove the bulk of the
volatile components. Optical stability resulting from
these screening conditions was verified in extended
vacuum testing of the EM LMCs prior to launch.

Analysis of lubricant film thickness was performed to
verify operation of the R6 bearing using the method of
Hamrock and Dowson [7]. The lambda ratio (central
film thickness divided by surface roughness) was

confirmed to be L > 4.5 below 20°C for the range of
measured surface finishes and prel oads, confirming the
existence of EHD conditions. Sensitivity  to
temperature was identified with a predicted reduction

of L to amore marginal value of ~1.5 at 60°C.

Since conclusive life testing was not feasible due to
time constraints, an approach was adopted to maximize
heritage by using a screening processes which had been
proven for PAO applications in long-life reaction and
momentum wheel assemblies. Noting that the
Pennzane-based | ubricants possess properties similar to
the PAO class of lubricants, a screening program was
developed to ensure maximum lubricant stability in
operation [5]. This program was based on the Post
Run-in Qil Distribution (PROD) screening process
commonly used for PAO oils [6]. The bearings were
screened as many as 5 times to reach pristine
conditions following run-in, then were re-cleaned,
lubricated, and reassembled into the LM Cs.

The LMC mechanisms have continued to operate
without incident, with all 4 units exceeding the design
requirement of 2 x 10° rotations. The motor current for
LMC#3 for the mission duration is shown in Fig. 10.
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Fig. 10: Current for the LMC#3 (Over 5 years)
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An initial run-in period can be seen as the current
gradually drops. The sudden increase in current
around day 1450 corresponds to a stop in the LM C due
to a spacecraft change to safe mode.

2.4 Choppers

A rotating vane chopper mechanism (Fig. 11) is
incorporated at the front-end of each of the 4 optica
chains, in order to provide frequent IR optical
references. This effectively allows for the rejection of
stray-light signals which are not modulated at the
chopper frequency (equal to the chopper rotation rate
times the number of vanes per chopper rotor).

Fig. 11: Rotating Vane Chopper Assembly

The chopper vanes turn continuoudly at a constant rate
of 1800 RPM and had a life requirement of over
5x 10° rotations. Due to the long life requirement and
other similarities to the LMC, the chopper motor and
bearing assemblies were based on the design used for
the LMCs, as described above. The brushless motor
and bearing configuration only differ in preload
selection and housing material. A lighter preload of
13+4 N was possible due to the lower supported mass
of the rotor, compared with that of the optical bowties
in the LMC. Analysis of lubricant film thickness
indicated more favourable EHD conditions, compared
with the LMC units due to the lower preload and
higher rotational speed.

The housing material of 304 stainless was chosen since
there was no constraint as imposed by the optical
materials on the LMC design. The chopper vane and
enclosure were made from anodised aluminium and the
unit was fitted with an IR optical encoder similar but
larger than the ones used in the LMC units. The
encoder provides a signal at each open position of the
chopper vane which is used to control the mechanism
speed and phase[9].

With the exception of Chopper #3, which is believed to
have suffered a drive circuit failure after approximately



2 years operation, the choppers have continued to
operate in a stable manner following some initial
stabilization which was most notable for Chopper #4
(Fig. 12). The variation of nominal currents between
units has been attributed primarily to the high ratio of
prel oad tolerance range to nominal preload value (2/3).
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Fig. 14: PMC Cross-Section [8]
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2.6 Cryogenic Coolers

MOPITT uses two Stirling Cycle Coolers (Fig. 16) to
cool eight detectors to approximately 90 K. The
coolers are mounted in-line and are driven in phase to
cancel mechanical vibrations to the first order. Each of
the two coolers consists of a compressor linear motor
and displacer linear motor, with an interconnecting gas
tube. Each linear motor is similar in construction to
the PMC described above, but with a single piston. A
single drive electronics module controls both coolers
so that the residual vibrations can be minimized.

Fig. 13: Pressure Modulating Cell



Fig. 16: Stirling Cycle Coolers and Electronics

After approximately 450 days of operation on-orbit,
one of the coolers (Cooler “B”) suddenly stopped
cooling. Subsequent investigations revealed that the
displacer motor was not being driven electronically. It
was not possible to pinpoint the source of the failure,
but the behaviour was consistent with an open circuit
in the displacer drive loop. This could have been
caused by a fault in the displacer drive electronics, the
displacer itself or the interconnecting harnessing.

To continue operations on the Cooler A channels, it
was necessary to operate the Compressor B to keep the
residual vibrations minimized (the compressors have a
large moving mass compared to the displacers). Under
these conditions the pressure wave from Compressor B
was forcing the piston in Displacer B to move. The
telemetry indicated that the Displacer B piston was
hitting the end stops. Ground testing on a spare cooler
verified this behaviour and allowed an intermediate
compressor stroke to be selected that prevented the
displacer from hitting its end stops.

An interesting observation was that when the
unpowered displacer was hitting the end stops it was
able to partially cool the detectors. Operating in this
mode was considered but was eventually rejected given
therisk. For example, if a leak occurred anywhere in
Cooler B it would no longer be possible to operate
either cooler due to large unbalanced vibration levels.

To prevent Displacer B from hitting the end stops, the
MOPITT cooler system now operates with the
Compressor B at approximately 80% of its original
stroke while Compressor A has been backed off
dightly to help balance vibrations.  When the
unpowered displacer piston does not hit the end stops,
there is no cooling and the detectors are actually being
heated (to 43°C). The residua vibration levels from the
MOPITT cooler system are now higher than the
origina configuration; however, this has not caused
any operational problems with Terrainstruments.

Fig. 17 shows six cooling intervals over 42 months on-
orbit for a detector cooled by Cooler A. Each interval
is followed by a decontamination cycle.  The

decreasing slope illustrates slower contamination build
up over time. Cooler B stopped working during the
third interval, and after that the cooler control was
switched over to Cooler A. This partially explains the
large change in slope between interval 3 and interval 4.
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Fig. 17: Detector 5 Temperature Over 42 Months

3. REDUNDANCY AND CONTINUED
OPERATION

The MOPITT instrument contains four optical chains
initiated by the four scan mechanisms, which are split
into eight independent channels by dichroic
beamsplitters (Fig. 18). The channels are distributed in
a manner to be single fault tolerant of any mechanism,
albeit at a reduction in vertical resolution. Electronics
such as power supplies and instrument computers are
also redundant.
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Fig. 18: MOPITT Science Channel Configuration

Over the five year life, the MOPITT instrument has
suffered the loss of one of the coolers, one scan motor,
and one chopper mechanism. These are highlighted in
Fig. 18. Degspite these losses, channels 5, 6, 7, and 8
operate to the extent that the instrument continues to



function at nearly full capacity. Channelsl, 2, 3, and 4
do not collect data due to the loss of Cooler A. The
scan mirror failure was on channel 3, so this had no
impact since the channel was aready inoperable due to
the loss of Cooler B. The datafor channel 7 inherently
provides a partial compensation for the data in channel
3. The instrument has the means to adjust the cell
pressure in the channel 7 PMC to bring it closer to the
cell pressure in channel 3, athough the scientists have
elected not to do this.

The loss of the channel 5/6 chopper has not prevented
the use of these channels. The chopper stopped in the
open position which alows the signal to proceed into
the instrument. Modified ground processing
algorithms were developed to continue to alow the
data to be extracted. The only degradation has been a
reduction in the vertical resolution of the instrument
which isafairly minor impact on the science return.

4. CONCLUSIONS

The MOPITT instrument has successfully operated
over its five year design life, providing the only global
measurements of carbon monoxide. An appropriately
chosen redundancy scheme has extended the life of the
instrument beyond the mission requirements. The
success of the instrument can be attributed to its long
life mechanisms, which continue to operate at high
speeds under the harsh conditions of space. With the
LMC motors currently exceeding 2 hillion rotations,
and the choppers over 5 billion rotations, the successful
mechanism design has been proven on orbit. MOPITT
has made upwards of 60 million measurements, and an
application has been made to NASA to extend the
Terra mission from 6 years to 10 years, based on the
success of MOPITT and the other instruments on the
spacecraft. In addition, the success of the mission has
led to the CSA currently funding various studies with
COM DEV and the University of Toronto to further
devel op the technology for future missions.
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