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Synopsis of “Optical Fabrication”
This paper summarizes a book chapter entitled “Optical Fabrication” from The Handbook of Optical Engineering written by David Anderson and Jim Burge.  The goal of their chapter is to provide a broad overview and introduction to field of optical fabrication.  
This synopsis provides a summary of their chapter by highlighting the most interesting and important aspects.  
Overall, my opinion of this chapter is very positive.  It is easy to read and fulfills its purpose as an introduction to optical fabrication.  Anderson and Burge’s chapter also highlights all of the exciting non-traditional methods of fabrication such as ion figuring, plasma assisted chemical etching, and the magnetorheological method.  This makes for stimulating reading as far as technical writing goes.  For readers interested in starting a career in optical fabrication this chapter is an excellent place to start.  For optical designers and mechanical engineers wanting to understand fabrication, but with little time to read, this chapter is a worthwhile investment.  The time spent in reading this chapter will be recovered many times over by the time saved due to the increased awareness and insight into the world of the fabricator.  For opto-mechanical engineers tolerancing optical element drawings, reading this chapter will allow them to make larger contributions to technical aspects of specifying the element and will enable them to communicate more effectively with fabricators.  
The chapter is divided into four sections: introduction, traditional methods, non-traditional methods and fabrication issues for the designer.  The chapter on non-traditional methods also describes the fabrication of aspheres.  Anderson and Burge’s chapter provides ample references for those seeking further depth in specific areas.  This is actually one of the best aspects of their chapter.
Anderson and Burge mention that “very little [is] published about this field” and that most of the workers in an optics shop are trained on the job.  There are entire books covering optical fabrication, but not many works that provide a concise overview like this chapter.  Another work similar to Anderson and Burge’s chapter is, “Optical Manufacturing Considerations.”  This too is a book chapter – the book being Optical System Design by Fisher and Tadic-Galeb.  Both of these chapters are available for download on Dr. Burge’s optomech website (Ref 3).  “Optical Manufacturing Considerations” (OMC) is focused on the fabrication of 50mm lenses and covers the following topics: materials, manufacturing, special fabrication considerations, relative manufacturing cost and sourcing considerations.  OMC is very brief, maybe too brief to be considered a comprehensive overview.  However it does contain some material not covered in “Optical Fabrication”, therefore reading both chapters would provide a more complete overview optical fabrication.    
The remainder of this synopsis summarizes the four sections of Anderson and Burge’s chapter.

The first section is an introductory section and its highlight is a section entitled “General References.”  Here, Anderson and Burge mention the leading books concerning optical fabrication.  For example, “Hank Karow’s book, ‘Fabrication Methods for Precision Optics is the most modern and complete…”  and “Optical Production Technology by Horne [which includes] aspects of setting up a production shop with a good overview of manufacturing technologies in the production shop.”


The second section of this chapter covers traditional methods.  The steps for making optical elements traditionally has been 
· Rough shaping

· Support (holding the optic)

· Generating

· Fining

· Polishing

· Centering and Edging

· Cleaning 

· Bonding

The support step may require considerable thought by the fabricator.  There are various ways of holding the optic during the different fabrication stages, and typically one does not want to distort the optic during critical stages since this would show up as a disfigure in the final product.  Blocking is a term used for holding the optic, typically by some larger block of material.  Holding the optic may be done by mechanical support, magnetic fields, or by adhesives or Putty.  

Generating is the common term for machining by grinding with diamond impregnated tools.  Generating is typically a rough shaping step, however it can produce a fine finish as well.  Different types of diamond generating wheels are shown.  Essentially there are two types: peripheral and cup.  Cup wheels are used for working on the surface of the part like cutting holes and generating curvature.  Peripheral wheels are used to work the edges of the optic.  Generating creates significant damage to the glass under the surface, which must be removed in subsequent grinding and polishing operations.  If the generating tool can work the surface of the optic without imparting too much force, that surface can be brought to shape with less damage.  This process is called micromachining.  
Another generation technique is pel grinding – this technique uses a large tool covered with bound diamond in cylindrical pellet form and its action on the optic produces less damage.  
After the generating process, the fining process begins.  Fining involves grinding with loose abrasives to remove the damaged layer of glass created by the generating process.  The part and the tool are rubbed together while an abrasive powder is maintained between them. Anderson and Burge provide and example of a typical machining sequence used to generate and fine a surface.  This sequence is based on the rule of thumb that the pits left behind are on the order of the grain size and the subsurface fractures extend about twice that.  “A typical sequence might be to diamond generate, remove 100 microns with 40 micron abrasive, remove 50 microns with 25 micron abrasive and finally remove 25 microns with 9 micron abrasive.  This surface can be polished, but up to 20 microns of material needs to be polished off to eliminate the remaining damage.”  Therefore grain size is continually decreased until the polishing process can be started.  
Sometimes a tool will seize up on an optic or the optic may be scratched if the grain size becomes too small and the tool is too hard.

Factors contributing to the amount of damage produced include the hardness of the abrasive, the material being ground, the tool and to some extent the shape of the grains.    

Compared to generating with bound abrasives wheels, loose abrasive grinding is performed at much lower speeds.  

The step after fining is polishing.  Polishing brings the optics surface figure into compliance with the specification.  Here the surface is polished by a complicated chemical and mechanical interaction.  Since it is partially a chemical process, different substance must be used to polish different materials.  Polishing may be done by a pitch lap or with synthetic polishing pads.  Pitch is frequently used for high quality surfaces.    

The biggest cost drivers in the fabrication process are the surface figure and the surface finish.  Typical figure tolerances are 0.2 to 0.05 waves rms measured at 632.8nm.  High quality surfaces take more time to make and are more expensive to produce.  Flats and spheres can be produced by conventional methods to 0.01 waves rms and are made to 0.002 waves rms using special methods depending on size and surface shape!  

Using phase-shifting interferometry, surface figures can be measured to a few nanometers and surface finish to a few tenths of a nanometer.

I find it remarkable that “the understanding of the polishing process, particularly of glass, remains mired in its great complexity.”  This is exciting since it leaves the researcher with an opportunity for exploration.

Unlike the figure, the surface finish comes from the process itself and the optician does not typically adjust the polishing based on measured results.  Typically surfaces will be finished to between 20 and a few angstroms rms.  For most optics, the standard pitch polish gives about 10 angstrom rms roughness.  Some surfaces require superpolishing below 2 angstroms, however few fabricators have developed this capability.  
Fabricating larger spherical surfaces (>100mm) is similar to fabrication small surfaces, however after generating it is necessary to use a large tool (meaning 60-100% of the part diameter) to smooth out errors in the surface.  Following large tool work, smaller tools are used to figure the surface to high accuracy.  

The production of flats used to be difficult, but with the advent of the continuous polishing machine this is no longer the case.  The lap of a continuous polisher is kept flat by the use of a conditioner which has a diameter as large as the radius of the flat.  Since these machines run continuously, 24 hours a day, their throughput can be very large.   Continuous polishing has been extended to polish two parallel surfaces such as windows and semiconductor wafers.  Continuous polishing machines have been built to 4 meters in diameter, capable of producing 1 meter diameter flats.  
This section of the chapter ends with a brief description of cleaning and cementing – two processes that would be performed at the end of the fabrication process.  This section closes with the statement that even with the advent of computers in the fabrication process “…the optician’s skill in the operation of the polishing machine still has a large impact on the results.  However, automation is making the fabrication process less skill dependent and more ‘deterministic’, a buzzword of modern optical fabricators.”
Burge and Anderson mention the OPTICAM (Optics Automation and Management) machine developed by the Center for Optics Manufacturing at the University of Rochester.  This sounds like an impressive machine; it “rapidly generates, grinds, polishes, and shapes a single lens at a time.”  Anderson and Burge state that though these machines are expensive, the future of optics fabrication clearly lies in this direction.  

Rather than restate what Anderson and Burge have already written in sections 3 and 4 of their chapter I’ll give a brief summary of some of the highlights.  

· Section 3 defines an asphere and mentions the different types of asphseres including conics, toroids and axicons.  

· This section describes the two methods of controlling surface figure: natural smoothening and directed figuring.  Features smaller than the lap are removed by natural smoothening and features larger than the lap can be shaped using directed figuring.
· This section describes why fabricating aspheres is difficult.  This is because a large rigid tool can not fit everywhere on the surface.  The authors give solutions to this misfit problem i.e. making the tool smaller, and or more compliant.

· The degrees of asphericity are given.  This is the departure from a sphere.  Mild aspheres deviate by only a few microns over the entire surface, where as fast aspheres deviate by several microns per millimeter.  

· The most exciting part of this chapter is the section on modern methods of asphere fabrication.  Here ion figuring, plasma assisted chemical etching, stress-lapping, bending and polishing and fabricating using a magnetorheological substance are all briefly discussed.  The authors state that these modern techniques are limited to large companies and research groups.  

· Other non-traditional fabrication methods that are interesting to read about in this section are molding, replicating, single point diamond turning (SPDT) and electroforming.  

The last section of the chapter concerns fabrication issues for the optical designer.  I will summarize this even more briefly than I did the previous section.

· Molded optics should be considered first as they are the least expensive.  This includes molded plastic and molded glass.

· Anderson and Burge have an interesting piece of advice concerning ordering of glass from a supplier.  I’ll restate verbatim.  “It is interesting to note that when you buy standard quality glass that has not been graded, you know only that the process results in good material, and you many have excellent substrates.  However, if you buy standard glass that has been inspected, you know exactly what you have and you can be assured that you do not have excellent quality material.”

· The authors recommend communicating with the fabricator to understand where the cost jumps and technical challenges are in the fabrication process.   The authors admit that this information can be difficult to get.

· An excellent table containing fabrication rules of thumb and tolerances is given.  References are also provided for those seeking more depth.

· Burge and Anderson let the reader know that a mirror requires four times the surface figure of an equivalent refractive optic.  Errors in the surface of the mirror cause two times the error in wavefront, but errors in a refractive optic cause n-1 error in the wavefront (or typically ½).   

· A brief overview of material issues is given including: stain, hardness, CTE, thermal conductivity, solubility and ductility.
The chapter concludes with the same theme as it began; that is, that this chapter gives a summary of the most common fabrication methods in use today.  Most optics are made using modern variants of classical methods, but the highest performance optics rely on advanced techniques.  The optical engineer who reads this chapter will gain an understanding of the limitations and alternatives in the shop.
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