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Introduction: When the Hubble Space Telescope (HST) was launched in April 1990, it was anticipated that the instrument would revolutionize mankind’s understanding of the universe.  Instead, it quickly became apparent that something had gone seriously wrong with the fabrication of the telescope optics, and what was supposed to be the finest astronomical instrument ever built quickly became the butt of countless jokes. An investigative board (the Allen Committee) was quickly established to determine the causes and, if possible, remedy for the problem.  Today, 16 years later, the HST is performing superbly, but the story of what went wrong is still a fascinating study in optics, optical fabrication, and project management. Large disasters sometime have the smallest of origins, and the saga of the HST is a prime example of how a seemingly inconsequential mistake can snowball into a billion dollar debacle. 
In Hubble’s case, it all started with a quarter-inch scratch.

Synopsys: The Hubble Space Telescope project was the combined effort of the Marshall Spaceflight Center in Alabama, Goddard Spaceflight Center in Maryland, and contractors Lockheed and Perkin-Elmer (now Hughes-Danbury). Marshall had the lead center position for the main part of the telescope, while Goddard was in charge of developing the scientific instruments.  Perkin-Elmer constructed the actual optics (called the Optical Telescope Assembly, or OTA) while Lockheed developed the surrounding spacecraft.
From the start, the project was beset by a number of problems.  Marshall was primarily a rocket center, home to the famous vonBraun family of Saturn moon rockets.  A telescope was traditionally Goddard’s bailiwick, but a program of this magnitude was deemed to be too big, and was assigned instead to Marshall. The result was a lot of professional jealousy between the two NASA centers, instead of co-operative teamwork.  At the risk of over simplifying a complex situation, the job of building the telescope was given to a group of people who had never done anything like this before, while the group of people with the relevant background were not in much of a mood to help. This was to have serious consequences later on, when clear indications that something was amiss were ignored by management.  
Perhaps the biggest problem with the Hubble program was the corporate culture of Perkin-Elmer (P-E).  P-E was an experienced optical manufacturer, but was using an innovative automatic lens polishing technique to fabricate the large (2.4M) primary mirror.  Normally a mirror’s shape is checked during fabrication with the help of a device called a null corrector. The null corrector’s job is to take a point source of light and produce a wavefront that precisely matches the desired shape of the mirror. A perfectly shaped  mirror will reflect this wavefront exactly back to its source.  By measuring where the reflected light actually focuses in relation to the source, technicians can continuously check on how the polishing is going. 
This technique makes the production of large scale mirrors practical, but it has the disadvantage that the final mirror is only as good as the null corrector.  In Hubble’s case, P-E was using a new type of corrector that was made up of two precisely shaped mirrors and a lens, shown in Figure 1. Key to the corrector’s effectiveness was the accurate spacing of these three components. Get the spacing wrong, and the mirror would end up with a spherical aberration, where the outer part of the mirror focuses at a different point than the center.  P-E’s plan was to extensively test the null corrector, and then trust it completely during the fabrication the mirror. Independently testing such a large mirror was difficult and expensive and, for a program already seriously over budget, seemingly an extravagant luxury.  The plan almost worked, too, if it hadn’t been for that small scratch in one of the parts.  
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Figure 1: Null Corrector Design
NASA wanted the optics on the Hubble to be among the most accurate ever produced for a telescope of this size.  Getting this accuracy required the null corrector to be assembled with correspondingly precision.  Rather than use conventional measurement equipment to check the spacing of the components, technicians used a laser interferometer, which uses reflected light to precisely measure the position of a given surface.  Unfortunately, there was a scratch in the black paint of a nearby part, and so when the technician turned the laser on, it mostly reflected off of the scratch, and not the intended surface. The difference between the two turned out to be 1.3 mm, so the technician was left thinking the corrector was 1.3 mm shorter than it actually was. Millimeters are normally considered small, but in the submicron-accuracy world of optics, 1.3 mm is huge.
What then happened was an amazing series of mis-steps as one person after another completely ignored warning flags that something was wrong.  The first person in this chain was the unfortunate technician who, rather than use a caliper or even a plastic ruler to check to see if he was really off by so much, simply went out and grabbed some extra washers to shim the assembly until he got the interferometer to give the right reading.  Nor did he bother to tell the right people that there was an apparent mistake in the corrector design that he had to fix with some extra spacers. Instead, the corrector was sent to the lens polishers, who blindly went ahead and used it in the fabrication of the primary mirror.

There were more red flags during the polishing process. At one point, a mirror simulator (called an inverse null-corrector) was used to check the alignment of the corrector.  It clearly showed that the corrector had a significant aberration.  Again, since the corrector optically simulates the final shape of the mirror, any aberration in the corrector will be duplicated in the final mirror. Rather than investigate however, the results were ignored. Finally, a conventional (refractive) null corrector was used, and it too confirmed something was seriously amiss. These results also were ignored.  (One must ask why, if the engineers were so willing to disregard results from these checks, that they even bothered to do them in the first place.)
Now, normally in the assembly of critical flight hardware, inspectors are everywhere, checking and re-checking that everything is being built correctly.  But Perkin-Elmer had a “closed shop” attitude and was in the habit of ignoring requests from NASA for test reports and information.  Also not helping matters was the fact that there were very few personnel at Marshall who were sufficiently competent in optics to effectively oversee the testing in the first place.  Most of the quality inspectors were in fact primarily concerned with safety issues. Upper management had its hands full with a long list of other cost and performance problems elsewhere on the program. In short, P-E was essentially left to its own devices.  

The rest is history.  The first end-to-end test of the Hubble optics occurred once the telescope was on-orbit and way too late to change anything. During “first light” testing, of the Wide Field/ Planetary Camera (WFPC) and the Faint Object Camera (FOC), ground controllers were unable to adjust the focus to achieve the required sharpness of the image.  The spec for Hubble had been to be able to focus 70% of light (called “encircled energy”) from a distant object into a 0.1 arc-second radius.  Instead the smallest radius achieved was 7 times that much – not much better than ground based telescopes. Since both WFPC and FOC were getting the same results, it was obvious that the problem lay somewhere within the OTA. Further testing using the on-board Wavefront Sensors (WFS) pinpointed the blame with the primary mirror: defects in the primary mirror would produce spherical aberration, whereas defects in the secondary would produce both spherical aberration and a second type of distortion called coma. The lack of coma during these tests pointed the finger of blame strait at the primary mirror. The commission was able to go back to the manufacturing test data, along with the original null corrector (carefully preserved in its as-used condition) and quickly piece together what went wrong.
Conclusion:  The Allen Report documented the history of the Hubble Space Telescope and the causes of its initial optical problems.  Technically, the root cause of the problem was found to be a small scratch in the paint of some key Perkin-Elmer test equipment, but the real story was how this small flaw snowballed during several years of fabrication and testing. Technicians used the exact same device to both build and test the mirror, so they set the program along a blind path for failure. The irony (and lesson for future engineers) is that the flaw in the telescope optics was detected on several occasions, but each time the data was ignored or explained away.
Post Script: There was in all of this a silver lining: the Perkin-Elmer technicians in charge of polishing the mirror had, in fact done a superb job, albeit to the wrong prescription. Knowing the actual shape of the mirror, NASA was then able to design a set of correction optics that precisely compensated for the spherical aberration.  Since the primary mirror was so accurately polished, the resultant image quality has made the Hubble Telescope the scientific success it is today.
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