Report on the 2003 MODIS Airborne Simulator Optics Refurbishment 
27 February, 2004

Summary
This report briefly describes the major maintenance performed on the MODIS Airborne Simulator (MAS) between July and October of 2003, and presents some basic quantifications of the results.  The effort was mainly concentrated on the spectrometer, which still had many of the original optical elements dating from the system inception in 1991.  Extensive use on the ER-2 aircraft had resulted in a gradual degradation of the optics, manifested in part by reduced energy throughput and declining noise performance.  Most of the telescope components in the fore-optic section were also replaced.  The instrument was subsequently test-flown repeatedly to stabilize the new optics, while the changes in radiometric and spectral response were closely monitored.  New operational procedures were also introduced at this time, which will be shown to result in significant improvement to the calibration accuracy in the reflective bands.
Spectrometer and Telescope Refurbishment
Although some of the more easily accessible optical elements of MAS had been periodically replaced over the last twelve years, this time both the spectrometer and telescope were completely disassembled, and all elements individually inspected and replaced, as necessary.   The scan mirror, which had been polished and re-coated in June, 2001, remains in good condition and was not replaced at this time.   Also the optics in spectrometer Port 4, some of which had been replaced in late 2002, were determined to be in good condition, so no changes were made in that section.

During servicing a manufacturing error was discovered in the MAS Pfund assembly (field stop and collimator,) which was causing the collimated beam to enter the spectrometer slightly off-axis.  This condition has apparently existed at least since the Pfund unit was last re-built by the manufacturer in June, 2001.   The effect is difficult to model, but it probably caused at least a distortion of the spectral “smile” shape as projected onto the detector arrays.   With the new Pfund in place, those channels at the far ends of the detector arrays now receive different amounts of energy than they did before (some more, some less,) due to changes in the shape and orientation of the “smile.”   This results in slightly different measured spectral response functions and responsivity in these channels, some of which may be seen in the laboratory data presented below.
The specific optical elements that were replaced or re-coated are listed below, by section, and are high-lighted in Fig. 1.
· Fore-optic/Telescope:

                    Main Parabolic Mirror
                    Secondary Folding Mirror
                    Pfund Assembly Parabolic Mirror                         
                   Pfund Assembly Folding Mirror
· Spectrometer Port 1:

                     Diffraction Grating G1

                     Folding Mirror M1
· Spectrometer Port 2:

                     Lens Assembly (6 elements)

                     Folding Mirrors M2 & M3
· Spectrometer Port 3:

                     Folding Mirror M4
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Figure 1.  MAS Schematic Optical Diagram (from King, et al, 1996)                 

                             Changed elements highlighted in color.
Laboratory Measurements
The increase in optical throughput of the system following the refurbishment is evident in Fig. 2.  This plot shows the resultant percent increase in digital counts for each channel in Ports 1 and 2 while viewing an integrating sphere, from a baseline laboratory calibration done prior to the maintenance work.  The effect was particularly evident in Port 2 (SWIR,) which had some of the most severely degraded optical components, including the multi-element lens assembly.  The fact that the Port 2 increase in responsivity has a bi-modal distribution (i.e. smaller increase in the middle channels) is most likely due to a change in the distribution pattern of energy on the detector array resulting from the re-aligned Pfund assembly, and slight differences in the new lens elements.  The different Pfund alignment is also the probable reason why the Port 1 channels experienced the greatest increase in the longer wavelengths, which is the reverse of what it typically expected from new optical coatings. 
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Figure 2.1  Port 1 and 2 (Vis.-SWIR) Percent Change in Tare-Corrected Digital Counts After Refurbishment, Viewing an Integrating Sphere

The increase in optical throughput is harder to quantify for the infrared channels (Ports 3 and 4.)  Due to the nature of the MAS digitizer design, the raw digital counts over a fixed temperature target can vary widely, depending on floating DC current levels across the individual detector elements.   The results are better quantified by comparing noise levels (NEdT) before and after the maintenance period.  That the results are not as dramatic as those in Ports 1 and 2 is an indicator that the optics had retained a higher degree of reflectivity in the longer wavelengths than in the SWIR and visible, and that the noise in the infrared channels is probably more dominated by background radiation and electronics.  Improvement in the noise performance at 3.7um (channel 30) was significant however.  Spectrometer Port 4 received no new optics, and the effect of the new telescope mirrors on its NEdT values was not significant (Fig. 4.)   Noise values for channel 49 and 50 actually increased, probably because the changed shape of the spectral “smile” is causing some energy to fall off those detector elements.  It may be possible to re-position the array to increase the signal at these positions, but most likely it would be at the expense of channels elsewhere on the array.  

[image: image3.emf]MAS EABB NEdT Comparison: Port 3 (Except Bands 26 & 27)
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Figure 3.  Port 3 (MWIR) NEdT, Before and After System Refurbishment

Test Flights and Optical Stabilization

When the MAS telescope and scanning mirrors were replaced in the past, their reflectivity was seen to degrade rapidly during the first few missions on the ER-2, before beginning to stabilize thereafter.  Losses in reflectivity as high as 30% had been observed in the blue and green channels (the most susceptible) over the course of several missions. This was attributed to chemical changes in the Silver mirror coatings, water condensation, and contamination with the volatile organics associated with airfield environments.  For this reason it was decided to fly the MAS on the ER-2 for at least 15 hours at altitude, before declaring it ready for science missions.  This was accomplished on 15, 16, and 18 October, for a total of 16.3 flight hours above 60,000 ft.  Integrating sphere measurements were made at ARC before and after the test flights, and a newly upgraded hemisphere source was deployed to DFRC along with the instrument for daily pre-flight calibrations.  At the same time a new optical cleaning procedure was used, wherein the exposed fore-optics (scanning, main parabolic, and secondary mirrors) are cleaned after each mission with a gaseous CO2 device commonly used on large astronomical telescopes.   The results were relatively dramatic, with no MAS reflective channel loosing more than 2% total response over the test flight series.  (Such changes are interpolated linearly for each flight over a deployment series, as part of the Level-1B calibration procedure.)   The daily pre-flight data over the new field hemisphere in the hangar also showed unprecedented agreement, to within 1% of the pre- and post-deployment integrating sphere measurements made at Ames (see Fig. 5.)  
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       Figure 4.  Port 4 (LWIR) NEdT, Before and After System Refurbishment

Conclusions
Reconditioning the spectrometer optics produced significant improvements in signal strength in the MAS reflective channels, with increases averaging 43% in Port 1 (Vis/NIR,) and 61% in Port 2 (SWIR.)  Port 3 (MWIR) NEdTs were also improved, particularly in the more problematic shorter wavelengths, e.g. Channel 30 (3.7um) NEdT dropped by 22%.  Because no spectrometer elements were replaced in Port 4, the noise performance of the long-wave infrared channels was not appreciably increased; the current noise levels in these channels are probably close to the design limitations of the system.  The trade-offs of re-positioning the Port 4 array to increase signal strength in channels 49 and 50 will be investigated in the calibration laboratory later this year.
The increased stability of the pre-flight hemisphere calibration source, coupled with the new optical cleaning procedure, should significantly increase the absolute radiometric accuracy and repeatability of the MAS reflective bands.   
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Figure 5.  Degradation of Port 1 and 2 Radiometric Response After 16.3 Hours at ER-2 Altitude (Change in observed digital counts over integrating sphere and field hemisphere)
This was substantiated by the integrating sphere measurements before and after the subsequent A-TOST deployment (Bangor, MN) in December, 2003, whose changes were on the same order as those observed over the course of the test flights shown above (Fig. 5.)   Radiometric and spectral stability measurements in a test chamber, at ER-2 flight temperatures, were originally part of this maintenance plan but had to be deferred due to time constraints; they are currently underway at the time of this writing. 
1 Refer to http://mas.arc.nasa.gov/ for MAS band specifications.
This report was prepared by Jeffrey Myers, SAIC, Inc. at NASA Ames Research Center, for Dr. Michael King, MAS Instrument P.I. at the NASA Goddard Space Flight Center.  
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