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Abstract
The Low Resolution Airglow & Aurora Spectrograph (LORAAS) was an aeronomy Instrument designed by
the Naval Research Laboratory (NRL). LORAAS was launched into polar orbit on February 23, 1999
aboard the ARGOS spacecraft and operated successfully until the shutdown of the spacecraft in April of
2002. Data gained from the on-orbit performance of the LORAAS mechanisms will be presented along
with the performance data taken during ground testing.
There were three mechanisms used in LORASS design and are as follows; a guillotine style dust cover
door assembly (DCDA), a one-axis scan mirror assembly (SMA), and a detector door mechanism (DDM).
These mechanisms are unique in that they must all adhere to the stringent requirements of contamination
control due to the sensitivity of the optics used. In addition to supporting instrument operation while in
space, some of these mechanisms, such as the DDM and DCDA, were essential for instrument operation
while on the ground to aid in instrument construction, calibration and storage. This paper will present a
description of the aforementioned mechanisms including an overview of the requirements driving their
design, analysis performed on the mechanisms and their components, and final costs.
Introduction
LORAAS was built and designed by the NRL to observe the diffuse airglow emitted by the thermosphere
and ionosphere region of the atmosphere at altitudes between 70 and 700 km. The LORAAS passband
operated in the Far Ultraviolet (FUV) and Extreme Ultraviolet (EUV) range between 80 – 170 nm. The
data obtained by LORAAS was used for studies of upper atmospheric structure, composition, and sunearth interaction.

Figure 1. LORAAS Instrument
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Instrument Overview
The LORAAS instrument was comprised of four main components; the Ultraviolet Spectrograph Assembly
(USA), the control electronics, the high voltage power supply (HVPS), and the harness assembly. The
USA contains the optical bench and the mechanisms used on the instrument that support the optics.
Mounted separately from the USA, the control electronics contain the circuits used to provide power and
control to the mechanisms. The high voltage power supply is used to provide the high voltage necessary
to operate the wedge and strip style FUV/EUV detector located in the USA. The wire harness provides
the necessary power and signal connections between the control electronics, mechanisms, detector, and
HVPS. Although each of the main components can be further broken down into subcomponents, only the
USA will be discussed in detail.
Ultraviolet Spectrograph Assembly
The optical design of the USA is a 0.25-m focal length f/3 spectrograph in a near-Wadsworth
configuration1. The optical components as shown in Figure 2 are: a one-axis scan mirror assembly
(SMA), a mechanical grid collimator, a diffraction grating, and an imaging detector. The mechanisms
supporting the optics are the Dust Cover Door Assembly (DCDA), the Detector Door mechanism (DDM).
Also mounted to the USA but not shown are the sunshade, sun sensors, and the detector electronics.
The Spectrograph had a Field Of View (FOV) defined by the collimator of 0.15-degree Full Width at Half
Maximum (FWHM) in the vertical direction and 2.4 degrees FWHM in the horizontal direction. This FOV
translated in to an image resolution of 5 km by 120 km on the earth’s limb as viewed by the LORAAS
instrument while on orbit.

Figure 2. Inside of USA with Cover and Sun Shade Removed
Scan Mirror Assembly
Design
The SMA defined the instrument Field Of Regard by rotating a counterweighted silicon carbide mirror
measuring 128 mm X 90 mm with a mass of approximately 0.41 kg. The SMA components are shown in
Figure 3. In addition to being able to survive the operational and lifetime requirements the following drove
the design of the SMA, the SMA must:
• Rotate a scan mirror from –5 to –13.5 degrees in 90 seconds and return the mirror back to its
starting position in under 5 seconds. (This motion was part of the normal operating mode)
• Be able to rotate the scan mirror to –20 degrees (This motion was required only rarely)
• Provide an accuracy of mirror pointing knowledge to ±0.017 degree.
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Figure 3. Scan Mirror Assembly Component Layout
The unique quality of the SMA was its ability to provide stable and continuous scans for the duration of
the mission. The stability of the SMA was in simplicity of construction. All the moving parts, i.e. the mirror,
motor rotor, and resolver rotor, share a common shaft supported by two ball bearings forming one of the
two main subassemblies. By using a common shaft configuration the SMA was also able to eliminate any
errors in position due to backlash as well as reduce single point failure areas. The scan mirror is attached
to the shaft through the use of flexure mounts joined to the mirror’s structural ribs. Early in the design
stepper motors were considered but were ruled out due to concerns in lifetime.
Mirror Actuation is provided by a limited rotation, brushless, samarium cobalt permanent magnet torque
motor with redundant windings. A limited rotation motor was used to achieve zero ripple torque. Torque
for the motor ranged from 0.085 N-m/Amp at the null position to 0 at ±50 degrees. Positional feedback is
provided by a 16-speed brushless resolver with redundant windings with an accuracy of ±20 arcseconds
over 22.5 degrees.
The other subassembly was the housing, which supported the ball bearings and contained the stators of
the motor and resolver. Two separable race ball bearings supported the rotor on either side of the scan
mirror, inboard closest to the motor and outboard farthest from the motor. The bearing housing for the
SMA was made from titanium to match the thermal expansion of the bearings. Bearing preload was
achieved though the use of a diaphragm spring on the outboard side and adjusted with shims. To reduce
the amount of frictional torque the axial preload was kept low.
During operation, images were acquired while the mirror scanned and while the SMA held the mirror at
fixed position. Normal operation involved scan speeds ranging from 0.14 to 0.28 degree/second followed
by a return to starting position at 6 degrees/second1. The control system diagram is shown in Figure 4. As
can be seen the SMA operated with a closed loop system using software component models and filters to
modulate the control signal for maximum stability.
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Figure 4. SMA Control System Diagram
Testing
In order to decrease the time needed for lifetime tests to fit within the program schedule, two parallel tests
were run on two mechanisms. It was determined that a single accelerated test would not be accurate
enough to determine the SMA’s behavior while in operation. One test was an accelerated test and the
other was a test duplicating on-orbit scanning. These tests were performed in vacuum and primarily
measured two signatures; average motor current to determine any change in mechanical characteristics,
and frequency contest to determine if any bearing degradation occurred.
Another test conducted on the SMA was tensile testing of the joints between the mirror and its flexure
mounts. During this testing several catastrophic failures occurred resulting in the loss of several mirrors.
These failures were due to incorrectly estimated values of the mirror tensile strength. First numbers used
for tensile strength of Sintered Silicon Carbide 227.5E3 kPa did not take into account the wide variability
of the material from 90E3 kPa to 345E3 kPa. After an in-house analysis, which incorporated margins,
62E3 kPa was chosen to represent the tensile strength of the mirror. This new number then resulted in a
design change of how the mirror mounts were attached to spread the load over a greater area.
SMA On-Orbit Performance
The performance of the SMA on orbit was most often determined primarily by measuring the known
position of a star with the expected position of the SMA. Unfortunately, this method would be accurate to
within a few tenths of a degree due to the nature of the optics. In addition, for the LORAAS mission, any
errors that were less then 0.1 degree would be unnoticeable anyway due to larger errors from the attitude
determination of the ARGOS spacecraft. ARGOS horizon sensors provide spacecraft‘s attitude with
fluctuation up to 0.2 degree with one sigma error. As for mechanism state of health the down-linked
telemetry included resolver errors as well as torque motor current. During the entirety of the mission
errors occurred that would have compromised the instrument data beyond that due the spacecraft attitude
control system.
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In addition to the scanning mirror mechanism, the nature of the optics and detectors used for the EUV
and FUV necessitate having two other mechanisms used by LORAAS, the DCDA and the DDM.
Dust Cover Door Assembly
As with all optics, contamination from dirt and hydrocarbons is an issue that deserves special attention.
The sensitivity of VUV optics to contamination is greater than for optics in other wavelengths especially
when the contamination arises from thin layers of oils or other hydrocarbons. A mirror with a hydrocarbon
layer measuring on the order a few tens of angstroms thick can have its throughput reduced by as much
as half in the reflected VUV. This sensitivity to contamination drives the need for the LORAAS one time
activation dust cover door assembly, shown in Figure 5. Unlike most instrument doors the LORAAS
DCDA is unique in that it uses a guillotine type of operation rather than a swing-away or clamshell type of
operation. The driver for the guillotine operation was to preserve envelope constraints imposed by the
rest of the spacecraft. The DCDA is also unique in that it uses no lubrication even though it is a sliding
mechanism. The lack of lubricants was due to the sensitivity of the scan mirror to contamination. For this
particular optic, a stray droplet of lubricant would cause more damage than a dust particle. Also unlike
other door mechanisms, the DCDA is not mounted over the front aperture of the instrument instead it is
mounted after the sunshade and therefore had additional constraints imposed on it by the sunshade
mounting scheme and structure. The use of the guillotine-type door required an extensive amount of
analysis to be conducted to ensure satisfactory performance of the DCDA while on earth and in orbit. The
result of this analysis was to determine operational temperatures, lifetimes, resistances due to friction,
and operating margins for the actuation springs and door latch.

Figure 5. DCDA Component Layout
The DCDA consist of an Aluminum 6061-T6 plate that slides downward from the area between the USA
and the sunshade. Two of the outer edges of the door are confined within aluminum tracks that constrain
its motion downward along the USA. A wound metal strip called the negator spring as is shown in Figure
6 drives the motion of the door. During launch and storage the door is held in place by a lock arm as
shown in Figure 6. The lock arm is rotated out the door-latching hole by a Starsys Research Corporation
paraffin actuator with redundant heaters. DCDA status is monitored by three sets of hermetically sealed
microswitches. One microswitch is located in the latching system for lock arm rotation status. The second
and third set of microswitches, a primary and backup unit is located at the door limits of travel and
confirms that the door is either fully closed or fully open.
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Figure 7. DCDA Latching System Componets
In designing the DCDA analysis was done to aid in sizing the negator spring and latching system. The
analysis shown in Figure 7 was used to determine the negator spring size. Shown along the curved lines
are spring margins at different values of coefficients of friction between aluminum on aluminum. Three
curved lines are plotted for springs that exerted different values of force on the door at its closed position.
The design margin of 250% is plotted as the thick horizontal line in the lower portion of the graph. The
high margin helps to ensure successful opening of the DCDA by providing enough force to overcome any
higher than normal frictional forces. The higher frictional forces may occur from sticking or mild galling
from using similar metals in sliding contact. To help minimize the shock from opening, the spring margin
was not raised higher than what is listed. Any spring which exerts more than 2.2 N of force upon the door
at closed position operates a 250% margin or above. This analysis helped to reduce the size of the
negator spring by 10% from what was detailed in earlier designs.

Figure 7. DCDA Door Slide Spring Margins
Another analysis was done to determine how the negator spring margin would be affected by temperature
change. This analysis is shown in Figure 8. The margin was determined to be sufficient to operate the
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DCDA up to the 67°C testing limit. However as the temperature increases the margin decreases as
shown and is reduced to 120% at the testing limit.

Figure 8. DCDA Operational Temperature Margins
The DCDA Latching system is designed so that there exists sufficient frictional force between the lockarm and the door (exerted by the negator spring) to prevent the door from opening prematurely during
launch vibrations. The negator spring and the latching system were also analyzed. This analysis was to
determine if there would be sufficient force exerted by the paraffin actuator to release the door. One
analysis determined the amount of force exerted on the lock arm by the paraffin actuator at different
rotation angles. Another analysis as shown in Figure 9, determined the amount of operating margin from
the actuator above that required to release the door. The margins are above 1000% of that needed to
open the door. This data could have been used to reduce the size of the latching system for weight
reduction. However, the paraffin actuator used at the time was the already the smallest available.
Fortunately for this particular mechanism, high margins are desirable in that a failure of this mechanism
would result in a complete mission failure.
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Figure 9. DCDA Door Latching System Margins
In hindsight the high margins benefited the LORAAS program unexpectedly as a result from a slight flaw
in the wiring of the paraffin actuator. Normal operation of a paraffin actuator requires a continuous flow of
current in the primary heater with the redundant heater available but not energized. In an identical
application for another NRL instrument both the primary and redundant heaters were wired in parallel. It
was decided that rewiring the instrument to prevent the power applied from going over the specified
values would be too costly and inconvenient. A software solution was found which involved modulating
the duty cycle of power applied. This resulted in the pulsing of power with a 50% duty cycle on the order
of one second per cycle so that on average the power remains within specified limits. If one of the heaters
were to burn out, a new command could be uploaded to power the remaining heater continuously.
Ground testing was done to confirm this method would work. Because of the high margins for the latching
system, the loss of heat that may occur during pulsed operation should not cause failure in that the
actuator would still be working well below its specified limits.
Detector Door Mechanism
The vast majority of VUV detectors have photocathode films deposited onto their active surfaces to
increase sensitivity in a given passband. The LORAAS detectors used cesium iodide, CsI. Unfortunately,
CsI is hygroscopic and breaks down on the order of hours when exposed to moisture. Long-term storage
of CsI, on the order of years, is best performed by sealing it under high vacuum as compared to a rough
vacuum or a dry atmosphere3. The DDM, shown in Figure 10, was used to maintain the high vacuum on
the detector. Ordinarily a transparent window would be used to seal off the high vacuum interior of the
detector from the ambient atmosphere. However, the lack of a material that is transparent at the
wavelengths of interest prevents the use of a window. A detector door mechanism was designed and built
to provide the necessary high-vacuum hermetic seal during instrument construction, between calibrations
as well as during ground storage, transport, and launch.
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Figure 10. Two Detector Door Mechanisms with Mounted Detectors
DDM Features
The majority of detector doors designs operate only once from closed to open and then have to be
manually reset. The LORASS DDM is unique in that it can open and close without needing to be reset.
The DDM’s have a design lifetime of over 100 open and close cycles without severe degradation in
performance. This lifetime requirement follows from the number of open/close cycles predicted for
calibration purposes of the detector and the instrument while on the ground rather than for flight use.
Designing the DDM to the aforementioned lifetime requirements was complicated by the added
requirements that the DDM be able to withstand a high temperature bakeout of 200°C. It is standard
practice in FUV and EUV instrumentation to bakeout components used in the optical system due to the
extreme sensitivity to contamination.
Another unique quality of the DDM is its extremely low mass. The DDM can provide the necessary
sealing forces and lifetime in a package that weighs slightly less than 1 kg. Presently all DDM’s used at
NRL have provided the unpowered high vacuum seal for many months at a time with no loss of
performance after tens of cycles. Unlike other detector door mechanisms, which are custom designed for
a particular detector, the LORAAS DDM is adaptable for use with other detectors. This adaptability is due
to the detector housing being an independent structure from the DDM support frame. The detector is
mounted to the DDM by clamping a flange, which is part of the detector housing, to the DDM flange. As
long as the detector housing possesses a flanged face it should be compatible with the DDM barring any
kind of mechanical interference from another portion of the detector. Figure 10 shows two DDMs with two
different models of detector mounted. The clamp-mounting scheme employed by the LORAAS DDM also
allows the detector to be rotated at any orientation with respect to the DDM. Sometimes this is necessary
as it is with the LORAAS instruments when the detector/DDM assembly might go through several
iterations during calibration to determine the best orientation.
DDM Design and Kinematics
The DDM is built around a 4-Bar toggle linkage system to achieve the necessary torque multiplication.
Weight was minimized by properly matching the linkage to use the smallest input torque possible while
still providing the necessary force to seal the detector. Sealing the detector requires a force of 136
kilograms to compress, by 30%, a 75-durometer Viton-A o-ring with a 1.8-mm (0.07”) cross section. In
addition, the torque on the door arm exerted by the seal is not enough to back-drive the motor against its
detent torque. Proper matching the linkage components helps give the DDM its ability to provide the
vacuum seal while unpowered.
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The DDM linkage consists of the following components: the DDM Door, the door arm, the toggle bar, and
the crankshaft. A spur gear with a 3:1 reduction is connected to the crankshaft and is driven by a
Rapidsyn stepper motor providing 0.073 N-m of torque at 22 VDC. The output of the motor is transferred
to a Globe 4-Spage planetary gearbox with a 319:1 estimated minimum Torque ratio and 760.6:1 Speed
ratio. The drive system rotates the crankshaft which is connected to the toggle bar. The toggle bar rotates
the door arm and closes the door. The components of the linkage and drive system are shown in Figure
11.
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Figure 11. DDM Component Layout
The DDM Linkage was designed so that the force imparted by the door increases as the door moves
closer to the clamping surface. As the door closes, the linkage moves to its toggle position where the
angle between the crankshaft and the toggle approaches zero, as shown in Figure 12. This toggle
position occurs just before the door is closed and this is where the maximum clamping force is achieved
with the minimum amount of input torque. The closing force produced by the linkage is adjusted and
regulated through the use of two custom Bellville washers located between the door and door arm. The
Bellville washers have a small range of deflection (about 0.5 mm) in which the force exerted by them
remains relatively constant. This constant force helps to ensure the proper amount of preload is exerted
despite any linkage relaxation or thermal distortions, and provides margin for any tolerances in the DDM
system. If desired, the preload can be adjusted by changing the Bellville stack characteristics. However,
any change in preload must be done so that back-driving does not occur. Regulation of the DDM is also
accomplished through the use of two mechanical stops. One stop limits the door travel to 95 degrees and
the other stop prevents the toggle from going over center. Stopping the toggle from moving over the
center prevents any resistance during door opening from the Bellville washers and o-ring. Minimizing the
resistance during opening was another requirement driving the DDM design.
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Figure 12. DDM Kinematic Diagram
To minimize resistance from friction in the linkage, extra-precision needle bearings from Torrington were
used in all linkage joints. These needle bearing were modified by removing the cup which allowed for
cleaning and lubricant insertion. The lubricant used for the bearings as well as for the drive system was
Demnum 200-L-280 Perflouropolyether. The crankshaft gear used impregnated Teflon for lubrication.
Out-gassing and the requirement to survive the bakeout procedure drove lubricant selection. Surviving
the bakeout procedure influenced the design of the DDM structure as far as how the components were
attached.
Bake-outs mostly occur during the detector integration period. These bake-outs can be low level were the
detector is brought to 100°C for a minimum of one hour and they can be at high level where temperatures
can reach up to 200°C. Rather than increase the cost of the DDM by using components that can
withstand these temperatures it was decided that the DDM should be made easy to disassemble. During
a high level bakeout the door arm is fastened to the frame and maintains the seal while it is disconnected
from the linkage. The entire linkage and drive system can then be disconnected from the one-piece
frame. For low-level bakeout the detector and DDM system remain as a unit with a temperature control
channel placed on the drive system to ensure that it does not go above 100°C.
DDM Analysis
Extensive analysis was conducted on the DDM design to ensure satisfactory performance during
operation, achieve a saving in weight and meet its lifetime requirements. The analysis performed on the
DDM determined the bearing radial loads at each joint, crankshaft stresses during operation, toggle
torque, and structural stiffness of the frame and linkage components. When possible these analyses were
verified with data from direct measurement as is shown in Figure 14. The bottom line shows the door
force as it relates to position. As was described earlier, the applied force increases as the door closes
until the Bellville washer deflection point is reached. At this point force remains constant until the door is
closed. The door force margin is determined when the measurements of the actual door force is
combined with the calculations for the available door arm force which is the top line. The margin is the
difference between the top and bottom lines and is represented by the middle line. The force exerted by
the door was measured by using a load cell located in the place that the detector would occupy. A strain
gauge mounted on the toggle is used to measure DDM performance when a detector is in place, such as
in instrument level environmental test. This mapping of the strain experienced by the toggle as the door
closes was the result of the analysis during design verified by direct measurement on a finished unit.
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Figure 14. DDM Force Margin
The analysis that was conducted during design allowed several changes to take place to produce a final
model with a lower weight and less components than earlier estimated. The original 38-mm diameter
gearbox was replaced with one 31.75 mm in diameter. The motor was also replaced from the original
Globe brushless motor to a Rapidsyn stepper motor. Simplification was achieved by changing both the
crankshaft and door arm from 3 piece assemblies to single parts.
DDM Cost
Due to the long design history of the DDM any detailed costs have been lost as personnel have come and
gone from the project. The best estimates for the total nonrecurring costs are between $350,000 and
$500,000. Most of these costs are due to the extensive amount of analysis conducted in addition to that
incurred by DDM design. The recurring costs for each unit is somewhere around $55,000 per unit. All
testing was done at NRL, which greatly reduces the cost. The cost for testing was between $3,000$5,000 per DDM. All costs are approximate and in 1993 dollars. Ten flight units were made so a total cost
would be just under a million dollars. Since the design has been so successful it has been used on two
other missions and will most likely be used on many future missions. This will help offset the initial
nonrecurring costs and make the design even more valuable.
In addition to the LORAAS missions, a modified form of the engineering design unit was successfully
flown on NRL’s Joint Astrophysical Plasmadynamic Experiment sounding rocket mission. The
modifications for this DDM was the reduction of the opening time from 30 minutes to about 30 seconds by
changing the motor/drive system to a motor with higher torque and less reduction in the gears. These
modifications were needed to accommodate the already short amount of time available to take data. The
cost of this modification was on the order of $30,000 for the new parts and analysis to verify the DDM
would still provide the necessary seal. Also an identical form of the DDM as that flown on LORAAS was
used successfully in the NRL High Resolution Ionospheric Thermospheric Spectrograph instrument.
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Conclusion
The mechanisms presented in this paper were designed to conform to the idiosyncrasies of optics in the
far and extreme ultraviolet. How these mechanisms were to be used on the ground was just as important
in their design as how they were to be used in space. Analysis and test was used extensively to
determine if the mechanisms would meet their requirements. In certain cases these analyses proved
beneficial for improving an already satisfactory design or finding flaws before they could affect the
mission. NRL is continuing to benefit from the effort put forth into these mechanisms as their designs are
incorporated into future instruments.
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