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Optical Fabrication

David Anderson and Jim Burge

1.  Introduction

The goal of most optical engineering is to develop hardware that uses optical components such as lenses, prisms, mirrors, and windows.  The purpose of this chapter is to summarize the principles and technologies used to manufacture these components, with the goal of helping the optical engineer to understand the relationships between fabrication issues and specifications.  To learn how to actually make the optics, we provide references to other books and articles that provide a more complete treatment.

1.1  Background

The field of optical fabrication covers the manufacture of optical elements, typically from glass, but also from other materials.  Glass is used for nearly all optical elements because it is highly stable and transparent for light in the visible range of wavelengths.  Glass optics can be economically manufactured to high quality in large quantities.  Glass also can be processed to give a nearly perfect surface, which transmits light with minimal wavefront degradation or scattering.  

Additional materials besides glass are also used for optics.  Plastic optics have become increasingly common for small lenses (< 25 mm) and for irregular optics with reduced accuracy requirements.  Metal mirrors are used for applications with stringent dynamic requirements or thermal loading.  Optics made from crystals are used for special purpose lenses and prisms.

The optical engineer who is specifying the optical elements needs to understand how the size and quantity affect the manufacturing process, quality, and cost.  Special tooling is required for large and difficult parts, which drives the cost up.  However, special tooling can also lead to an efficient process, reducing the per-item cost for parts made in large quantities. Like any industrial process, optical fabrication has significant economies of scale, meaning that items can be mass-produced more efficiently than they can be made one at a time.  There is always a tradeoff between improved efficiency and tooling costs. (“Tooling” refers to any special equipment used for manufacturing an item.  Tooling is not used up in the process, so it can be used repeatedly).  If only a few elements are needed, it does not make sense to spend more on tooling than it would cost to make the parts by a less efficient method.

The most difficult aspect for many optical components comes from the tight tolerances specified for optics.  The optical system engineer must assign specifications that balance performance with fabrication costs.  The tolerances must be tight enough to assure acceptable system performance, yet not so tight that the parts cannot be made economically.  For a particular project, the fabrication process is usually selected to achieve the specified tolerances.  Parts with tighter requirements are nearly always more expensive and take longer.  

The ability to fabricate optics to extreme accuracy is limited by the ability to measure the part.  Much optical testing is done in the shop as part of the fabrication process, so the fields of optical fabrication and optical testing are coupled.  For information on optical testing, and its relation to optical fabrication, we refer the reader to the other chapters in this book, and to the comprehensive reference on this topic, Optical Shop Testing, edited by D. Malacara.

1.2  Overview of this chapter

The field of optical fabrication is too broad to be covered completely, or even in summary in this chapter.  Instead, our goal is to assist the optical engineer in understanding fabrication issues by providing:

1. a description of the common procedures that are used for making optics

2. a list of references for more detailed study

3. insight into the relationships between quantity, quality, tolerances, material properties, and cost for fabrication of optical elements.

It is a goal of this chapter to help the optical design engineer understand enough of the fabrication issues to make good design decisions.  We hope to educate the optical system engineer about the general manufacturing issues, so he knows to discuss particular issues of the project with the optician.  It is only through the communication between the designer and the fabricator that the optimal specifications can be developed and implemented.

This chapter covers the basics of optical fabrication, with an introduction to more advanced topics.  In section 2, we give an overview of the traditional methods of optical fabrication.  The steps for manufacturing common optical elements are outlined and some of the key issues are described.  Most shop practices build on the rich heritage for fabricating optical elements from glass.  Modern shops use numerous process improvements that take advantage of new machines and materials to give better performance and lower cost, but the same basic principles are used that have been developed over generations.

Section 3 discusses fabrication of aspheric surfaces and introduces some advanced fabrication methods that have been developed in the past few decades, which are now available for production parts.  We describe common methods for making optical components that do not follow the more traditional approach, such as molded optics of glass and plastic, single point diamond turning, computer controlled surfacing, and replication.

Section 4 summarizes some of the relationships between fabrication methods and cost.  It is impossible to establish hard quantitative rules about how specifications, tolerances, materials, size, and quantity affect cost.  We offer some rules of thumb, which serve as starting points for getting at the real relationships.  More importantly, we discuss the issues that couple these parameters.  Again, this serves as a starting point for discussions between the fabricator and the designer.

1.3  General references

Despite the variety and the economic importance of optical manufacturing, there is very little published about this field.  Most of the workers in an optics shop were trained on the job as an apprentice under a more skilled master optician.  The basic operations required for making most optics have changed little in the past hundred years.  However, improved materials and machine tools have allowed these steps to be performed more economically, relying less on the optician’s craft.  

There are a few excellent references available on the topic of optical fabrication.  Hank Karow’s book, Fabrication Methods for Precision Optics is the most modern and complete, and provides an excellent reference for most common techniques and equipment.  Parks (1987) and Scott (1965) give outstanding review articles as chapters in Applied Optics and Optical Engineering.  Numerous excellent articles on general and specific fabrication issues are published in the SPIE proceedings, the OSA Technical Digests, and the OSA Trends in Optics and Photonics publication (Taylor, et al 1999).

Some classic books in this field that have good descriptions of the basics for hands-on work are Amateur Telescope Making, Volumes 1 – 3, by Ingalls, Prism and Lens Making by Twyman, and How To Make a Telescope by Texereau.  A large number of interesting solutions to tough fabrication problems are given in The Optics Cooke Book, edited by S. Fontane.

Also, there are some other excellent references, now out of print, which you may find in the library.  A classic German reference by Zschommler, Precision Optical Glassworking, has been translated to English.  This book gives complete step-by-step instructions for manufacturing some common optics. Optical Production Technology by Horne includes aspects of setting up a production shop with a good overview of optical manufacturing technologies in the production shop. Generation of Optical Surfaces by Kuminin gives an excellent reference on the machining and grinding of glass.

2. Traditional Methods of Optical Fabrication

2.1
Introduction
Current optical fabrication methods are a curious blend of old and new.  Pitch polishing with metal oxide polishing compound was developed centuries ago.  The basics have changed little, but the modern practices are more efficient with computer controlled machines, more accurate with laser interferometry, and more varied with advanced materials.  There is still a considerable “art” component to these methods in most optical shops, especially for custom optics.  Optical technicians require a high level of expertise that takes years to develop.  However, with the recent application of computer controls to fabrication machines and the development of more deterministic shaping methods and processes, a revolution is underway.  Both custom and production optics are being manufactured more efficiently due to these advances.

The optician’s expertise must now include computer literacy, a requirement shared by many industries.  Research has led to a greater understanding of the ground and polished surfaces, and ways of producing them.  Diamond-turning and grinding technology, in combination with computer controlled machines, has had a large impact on both glass and metal fabrication methods.  Pitch polishing is no longer the only way to finish a high quality optical surface.  A great deal of work and progress continues to be made in the production of aspheric optics utilizing advances in all areas of fabrication.  The direct milling of glass and other brittle materials is now accomplished not only with diamonds, but also with streams of ions.  

We must note that much of the progress has resulted from various new or improved testing methods, particularly computer controlled interferometry and profilometry.  The advanced measurement techniques, along with developments in fabrication described here, have made possible the production of optics that cover virtually the entire electromagnetic spectrum. 

The explosion of new materials and processes available to the engineer and the fabricator has fragmented the industry to a large extent.  Expertise can no longer be found in a single “optics house” for all optics needs.  Nor can a single chapter begin to review all the existing methods and materials. 

There are a few common steps for making optical elements, although each step will be done differently depending on the optic and the quantity:

· Rough shaping:  The initial blank is manufactured, typically to within a few millimeters of final dimensions.

· Support:  The optics must be held for the subsequent operations.  Much of the difficulty in fabrication comes from the requirements of the support.

· Generating:  The blank is machined, typically with diamond tools, to within 1-0.1 mm of finished dimensions.

· Fining: The optical surfaces are ground to eliminate the layer of damaged glass from generating and to bring the surface within a 1-5 µm from the finished shape.

· Polishing:  The optical surfaces are polished, providing a specular surface, accurate to within 0.1 µm.  Through repeated cycles of polishing, guided by accurate measurements, surfaces can be attained with 0.005 µm accuracy.
· Centering and Edging:  The optic is aligned on a spindle and the outer edge is cut.
· Cleaning:  The finished elements are cleaned and prepared for coating.
· Bonding:  Frequently lenses and prisms are cemented to form doublets (2 lenses) or triplets (3 lenses). 
Subsequent coating and mounting are usually handled by a different group of people and are not generally considered part of optical fabrication. 

Most fabrication methods deal with the production of spherical surfaces.  Since a sphere has no optical axis but only a radius (or, equivalently, a center of curvature) that defines its shape, any section of that sphere looks like any other section, as shown in Figure 1.   This fact has important consequences on how these surfaces are produced.  The basic idea is that randomly rubbing two surfaces of nearly equal size together will results in two mating spherical surfaces with opposite curvatures.  Note that a flat surface is simply a spherical surface with an infinitely long radius of curvature.  Aspheric surfaces, on the other hand, lack this symmetry.  As described in Section 3, these surfaces are much more difficult to fabricate. Off-axis aspherics have no rotational symmetry and are perhaps the most difficult to fabricate.  Note that there is no such thing as an “off-axis sphere”  -- just one that has a large amount of wedge between the front and rear surfaces. 
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Figure 1.  A spherical surface is defined only by its radius of curvature R and its size.  The surface profile z(r) is defined as 
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.  A single spherical surface does not have an optical axis, only a single point of symmetry at the center of curvature.

2.2  Initial fabrication of the blank

The first step in fabrication is to order the glass.  For most cases, it is better to specify the optics and the glass requirements to the fabricator, and have them order the glass, rather than to purchase and supply the glass yourself.  The fabricators are used to dealing with the glass companies and they will know best what form the material should come in.  The fabricator will know how much glass to buy to cover samples for setup, tooling, process development, etc, as well as the inevitable losses due to parts outside of tolerances.  By letting the fabricator purchase the glass, you also reduce the number of interfaces for the project.  The fabricators can then take responsibility for the overall performance of the optic, including the glass.  If you supply the glass yourself, the tendency for the fabricator is to treat the optic as a set of surfaces being made on a substrate, which is out of their control.  For example, if you need lenses with a particular focal length, the shop cannot take responsibility this specification if the refractive index of the glass varies.  

Optical materials can be procured in many forms.  The initial piece of material that has roughly the correct shape is called the blank.  In subsequent processing steps, material is removed from the blank to yield the finished optic.  The choice of material is obviously dictated by the final application, but the initial form of the blank depends on the fabrication method. 

Optical glass is purchased in several forms – rolled plate, blocks, strips, pressings, gobs, slabs, and rods.  The choice of the bulk glass is made according to the fabrication plan and the material specifications.  In general, glass for mass-produced optics is supplied in the nearly the final shape to minimize the cost of additional processing.   Glass blanks for production lenses and prisms are produced in large quantities as pressings oversized and irregular by about 1 mm.  Precision pressings are available at higher cost, requiring as little as 0.1 mm of glass to be removed to shape the part.  These are shown in Figure 2a.

Glass for high performance systems must be carefully selected to get the highest quality.  Glass with tight requirements on internal quality is provided in blocks, shown in Figure 2b.  These blocks are then polished on two or more surfaces and are inspected and graded for inclusions, striae, birefringence and refractive index variation.  The blanks for the optics are then shaped from the glass blocks by a combination of sawing, cutting, and generating. 
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a)  Pressings, hot molded and annealed.  May have rough or fire polished surfaces.
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b)  Block glass, with two opposite faces polished for test purposes

Figure 2.  Optical glass is commonly procured in a)pressings and b)blocks.  Other common forms are slabs (six worked surfaces), rods, strips, and rolled sheet (unworked surfaces, cut to length), and gobs (roughly cylindrical). 
(courtesy Schott Glassworks).

2.3 Support methods for fabrication

Most optical fabrication processes begin with the extremely important consideration of holding onto the part during subsequent fabrication steps.  Numerous factors must be considered when choosing the support method: part size, thickness, shape, expansion coefficient, and the direction and magnitude of applied forces.  The support should not stress the optic, otherwise when the part is finished and unmounted (or “deblocked”), it will distort by “springing” into its stress-free condition.  However, the part must be held rigidly enough resist the forces of the various surfacing methods.  Often, the support is changed as the part progresses, due to different forces and the precision required for each step. 

Most modern fabrication begins with fixed diamond abrasive on high speed spindles (as discussed in Karow 1993, Piscotty 1995). The lateral forces can be large, so the part must be held quite firmly to a rigid plate or fixture.  This plate, called the blocking body, or “block”, can be made of various materials depending on the process.  It is usually made of aluminum, steel, cast iron, or glass, with rigidity being the most important factor.  The two principal methods for holding the part to the block are to use adhesives or mechanical attachments at the edge.

The ideal adhesive would provide a rigid bond with little stress, and it should allow the part to be easily removable.  Most adhesives cannot achieve all three requirements well, so optician must choose, depending on which consideration is most critical.  For the generation processes using high-speed diamond tools, rigidity and ease of removal are usually the dominant criteria with higher stress being allowed.  The effects of this stress are then removed in the subsequent processes of grinding and polishing, where a less stressful blocking method is employed. 

Blocking of plano and spherical parts up to around 100 mm in diameter is done with a variety of waxes, both natural and synthetic.  These are heated to a liquid before applying to the block, or heated by the block itself.  The glass parts are then warmed and placed on the waxed block.  For heat sensitive materials, the wax can be dissolved in solvent before applying to the block.  The great advantage of waxes is that they hold the glass quite firmly and are also easily removable by dissolving them in common solvents.  Most waxes, however, impart large stresses due to their shrinkage.  This requires parts to be de-blocked after generating, and subsequently reblocked with a less stressful substance for grinding and polishing. 

Pitch remains the blocking material of choice when the parts cannot be highly stressed.  Pitch is an outstanding material, and is used in the optics shop both for blocking and for facing polishing tools.  Brown (1977) gives an excellent reference on the properties of pitch.  Pitch is a visco-elastic material that flows when stress is applied, even at room temperatures.  Parts blocked with pitch will stress-relieved if left long enough.  

Cements such as epoxies and RTV’s bond very well, but are extremely difficult to deblock and remove.  There are also some UV curable cements that can provide low stress blocking and can be removed with hot water.  For more information about these cements, contact the manufacturers of optical adhesives.

The optical contact method is used when the surface needs to be held precisely to the block.  Windows with precise wedge angles and prisms use this method.  The block is usually made from the same material as the part, and the mating surfaces must both be polished and clean.  When the two surfaces are brought together, with a little finger pressure to force out the air, they will pull together in a tight bond due to the molecular forces.  This blocking method can be used with parts of any thickness, but is difficult to apply to large surfaces due to the required cleanliness. 

In production optics, where many parts with the same radius of curvature are produced, a number of the parts are blocked together as shown in Figure 3a.  Often, the block is carefully machined so each part can be loaded into a recess, giving precise position relative to the block’s center.  This type of block is called a spot block, and is used widely in production shops.  These spots can be machined directly into the block, as shown in Figure 3b, or separate lens seats can be machined that are screwed onto the block.  The spot blocks are costly to make, but they can be used efficiently for making numerous runs of the same lens. 

Limitations on block size are based on machine size limitations and on the radius of curvature.  Most generators and grinding/polishing machines cannot handle anything beyond a hemisphere, limiting the number of parts to a block.  Plano parts are limited only by the capacity of the machines in the shop.  Hundreds of small plano parts can be fabricated on a single block. 


[image: image5.wmf]
a)  Multiple elements on a block
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b).  Spot block with pre-machined holes

Figure 3.  Multiple parts may be made on the same block by adhering them to a common spherical block.  A more accurate and repeatable method uses a spot block where premachined holes are provided for the lens blanks.  The usual method for grinding and polishing is to have the block rotating while a matching spherical tool is stroked across it.  This can also be inverted.

Aspherics cannot be fabricated on blocks because the aspheric surface has an optical axis that coincides with its mechanical axis.  Only a part that is centered to the machine spindle can be turned into an asphere.  This is one reason aspherics are more expensive than spherical surfaces.  Note, however, that off-axis aspherics can be made as a block!  This is how most off-axis aspheres are made; by making a parent block large enough to encompass the off-axis section pieces.  The parent is then aspherized in a symmetric way (as discussed below), after which the required off-axis aspheres are removed from the correct position on the block.  Usually the parent is manufactured into a single piece of glass, and the off-axis sections are cut from the parent after aspherizing.

These blocking techniques are used for production of a large number of parts.  Even if only one part is required, it is usually wise to block many together so that spares are available.  It generally does not pay to make just one spherical part if it is small (less than 100 mm).  Designers should always try to use off-the-shelf elements for optics in this size range.  

Optics larger than this are supported mechanically without the use of adhesives of any sort.  Mechanical supports for larger optics have the same requirements as their adhesive counterparts in that they must hold the part firmly while introducing little stress.  Like the smaller optics, large optics can be supported differently for different fabrication processes where the conflicting requirements of high rigidity and low stress must be balanced. 

Mechanical supports during diamond generating must be quite rigid, since the forces placed on the part by the high-speed diamond tools are large.  The generating support can allow larger distortions, which will be corrected later in grinding and polishing.  Most generating machines have turntables with either magnetic or vacuum systems to hold moderately sized parts (up to about 500 mm).  A magnetic system, commonly found on Blanchard type machines, uses steel plates that are placed around the periphery of the part.  The electromagnetic turntable is switched on, firmly holding the plates and the part in position.  In vacuum systems, the part is held on a shallow cup with an “O” ring seal.  A vacuum is pulled on the cup, and the part is held in place by friction against the turntable. 

For larger optics, the part may rest on a multi-point support system that is adjustable in tilt, and held laterally by three adjustable points at the edge of the part.  These support systems can introduce large figure errors that need to be eliminated in subsequent grinding and polishing.  Some machine turntables are machined to be extremely flat, even diamond turned in some cases, to reduce the amount of induced deformation. 

During grinding and polishing, large parts are supported axially using pitch or other visco-elastic materials (such as Silly Putty), depending on the stiffness of the part.  This type of support can flow to eliminate any induced stresses in the part.   There are also several methods of achieving a well-defined set of axial forces for the case where the part is supported at a number of discrete points. Hindle type “whiffle-tree” supports or hydrostatic supports use mechanics or hydraulics to provide a unique, well defined, set of support forces.  (Yoder 1993).  The required number and arrangement of the support points can be predicted using finite-element analysis.  Lateral forces can be taken with metal brackets or tape applied tangent to the edge. 

2.4  Diamond machining and generating

Following the blocking, the part is generated, which is a common term for machining by grinding with diamond impregnated tools.  The generating can rapidly bring the part to its near-final shape, thickness, and curvature, with the surface smooth enough for fine grinding or direct polishing.  The generating tool uses exposed diamond particles to chip away at the glass on the scale of tens of microns.  Additional information on specific aspects of generating are Piscotty et al. 1995, Ohmori 1995, Stowers et al. 1988, and Horne 1977.

Most generating tools have a steel body, onto which is bonded a layer of material impregnated with diamond particles of a particular size distribution.  The size is usually specified as a mesh number, which is approximately equal to 12 mm divided by the average diamond size.  (See Figure 4).  A 600-mesh wheel has 20 µm diamonds.  The specifications for the absolute sizes of the diamonds and their distribution are not standard and should be obtained from the vendor. 
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Figure 4.  Correlation between mesh sizes and micron sizes.  (Courtesy Karow 1993)

There are two basic configurations for diamond tooling as shown in Figure 5; a peripheral tool with the diamond bonded to the outer circumference of the tool, and a cup tool with the diamond bonded to the bottom of the tool in a ring.  Peripheral wheels are used for shaping operations on the edge of the part, such as edging, sawing, and beveling.  Cup wheels are used for working on the surface of the part, like cutting holes and generating curvature. 
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Figure 5.  Diamond generating wheels.  There are two basic types of diamond tooling used for cutting and generating, depending on whether the diamond is on the face or on the edge.  The cup wheel and core drill are the most common face wheels used in cutting radii and drilling holes.  The peripheral wheels, with diamond on their edges, are used for edging and sawing.

Small optics (<20 cm) and blocks of lenses are generated spherical using a cup wheel where the axis of rotation of the wheel is tilted with respect to the part so that it passes through the desired center of curvature.  If the axis of rotation does pass through the center of curvature, it will cut a perfectly spherical shape into the part or block.  Since all the parts on a block of lenses share the same center of curvature, they will all be cut to the same radius and thickness if properly blocked.  This fact is key to the production of large quantities of smaller optics blocked together. 

Plano optics are generated using a Blanchard type geometry.  Here a cup wheel is used with the axis of rotation aligned to be perpendicular to the linear axis of a tool bed.  The parts are translated under the spinning diamond wheel, and are ground flat to high precision.  Multiple operations of this type must be performed for the different faces of prisms, and the relative orientation of the different cuts determines the accuracy of the prism.

[image: image12.wmf]
Figure 6.  Generating with cup tools.  Spherical surfaces are cut by tilting the axis of the cutting wheel so it intersects the axis of rotation of the part.  This will cut a spherical surface with center of curvature at this intersection.  Plane parts are milled by translating the optic in a direction perpendicular to the cup wheel.
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Figure 5.38. Prism profile milling with two mill heads.




Figure 7.  Generating a prism profile with two mill heads. (Courtesy Karow 1993).

Diamond tools are quite versatile and are used for many different operations.  For example, a simple peripheral wheel can be used to cut the curvature into a part.  The tool can be moved slowly across a spinning part.  The shape of the cut is determined by the tool motion, which can be run on a numerically controlled (NC) machine, or it can be driven to follow a template.

A large emphasis has been placed on progress in both diamond tooling and in the machines that use them because accurate, fine cuts reduce the time spent in the grinding step that follows.  Machining of the part on high-speed machines is very rapid, with removal rates up to several cubic inches per minute; this is two orders of magnitude faster than coarse loose-abrasive grinding. 

Unfortunately, generating creates significant damage to the glass under the surface, which must be removed in subsequent grinding and polishing operations.  One current area of interest is how diamond generating can produce finer surfaces and more accurate shapes.  Abrasive action on glass occurs due to small fractures that form when an abrasive particle is pushed against it with enough force.  When enough fractures intersect small pieces of glass pop out leaving small pits.  Underneath the pits are larger fractures that continue some distance, depending on the materials.  The structure of glass as it is typically abraded is shown in Figure 8.  Generally, smaller diamonds and softer matrix material impart less damage to the surface.  However, finer diamonds lower the removal rate, and a softer matrix allows greater tool wear, which can reduce accuracy.  
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Figure 8.  An abraded optical surface consists of two components: the surface damage layer and a subsurface damaged (cracked) layer.  For loose abrasive grinding, the surface damage layer is about the size of the grit size and the maximum subsurface damage is about twice that.  Diamond generated surfaces typically have less surface damage but a large subsurface component.

Most diamond surfacing methods use at least two different diamond wheels to rapidly produce a fine surface.  Using a computer controlled machine, flat, spherical, and even aspherical parts can be rapidly surfaced.  If the diamond tool and machine have sufficient accuracy, the tool can be brought to bear on the surface with a low force, so that the glass does not fracture.  Material is removed by plastic flow with no subsurface damage, and the surfaces produced are specular.  This process is called micromachining or ductile-regime machining. (Bifano, et al., 1988, Golini, et al., 1990, 1991, 1992, 1995)  

Currently, surfaces ready for direct polishing can be routinely produced on production machines, bypassing all loose-abrasive grinding.  Most of these machines produce optics less that 100 mm in diameter, however.  With larger parts, fine diamond machining is only performed on a few specialized machines, limited by the machine and mount stiffness.  Microgrinding is just beginning to gain more widespread use in industry.  The combination of numerically controlled machines and diamond tooling will undoubtedly have a large impact on fabrication methods of the future.

Surfaces can also be fine generated using pel grinding, which uses a large tool covered with bound diamond in cylindrical pellet form (Spira, 1977).  The tool is made to match the shape to be generated, and is then driven at high speeds.  The fine diamonds generate the surface directly, leaving little subsurface damage, allowing polishing without any subsequent fining operations. 

The pellets are bonded to a curved tool to give the proper radius of curvature inverse to that of the part, as shown in Figure 9.  The tool is rapidly rotated while the part is stroked over the tool in the same fashion as loose abrasive grinding.  With higher speed and higher pressure, pel grinding quickly works the surface smooth enough for polishing.  This method is very efficient for high speed production of thousands of the same part, but it is costly to set up, since a new tool is required for each radius.  Hence, more traditional loose abrasive grinding, is used for low volume production.
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Figure 5.62. Typical-fine-milling arrangement on pel grinder.




Figure 9.  Typical configuration for using a pel grinder for working convex surfaces.  (Courtesy Karow 1993).

2.5  Fining 

As described above, the diamond machining leaves a smooth surface, below which is a layer of material riddled with fractures.  These fractures, if left in the final polished part, are visible under bright illumination and cause the surface to scatter light.  These fractures can be a hundred microns deep, so this amount of material must be removed before a good polish can be obtained (Rupp 1972, 1976).

Grinding with loose abrasives is traditionally used to remove the damaged layer of glass.  In this method, the part and the tool are rubbed together while an abrasive powder, usually in an aqueous solution, is maintained between them.  The particles cause tiny fractures in the glass, which results in material removal as the fractures intersect.  This abrasive action itself causes subsurface damage, but the sizes of the particles are chosen to reduce the amount of damage in a series of steps, generally reducing the damage by a factor of 2 with each grade.  A rule of thumb for loose abrasive grinding is that the maximum depth of the pits after grinding is on the order of the size of the grain; subsurface fractures extend to about twice that.  A typical sequence might be to diamond generate, remove 100 microns with a 40 µm abrasive, remove 50 microns with a 25 µm abrasive, and finally remove 25 microns with a 9 µm abrasive.  This surface can be polished, but up 20 microns of material needs to be polished off to eliminate the remaining damage. 

It is possible to remove all of the generating subsurface damage by polishing directly, skipping the step of loose abrasive grinding.  It would, however, take an unacceptably long time to remove 100 microns of material by polishing.  It only makes sense to polish a surface with a few microns of surface damage.

Other factors that contribute to the amount of damage produced include the hardness of the abrasive, the material being ground, and the tool, and to some extent the shape of the abrasive grains.  Harder abrasive grains or tools will remove material more rapidly, at the price of increased damage.  The more plate-like grains found in modern aluminum oxides appear to produce less damage than their blockier counterparts, like garnet.

Tool materials for loose abrasive grinding range from cast iron, which is quite hard, to brass, glass, and aluminum on the softer side.  The harder tools will grind faster and retain their form longer than the softer tools, at the cost of more subsurface damage.  Most production tools are made from cast iron because they keep their shape well.  

Loose abrasive grinding is used for fining large optical surfaces, and built-up or layered tools are the rule.  Tools for larger optics are made from some soft, workable material such as aluminum, wood, or plaster.  The curvature of the tool is either machined or cast into the tool, which is then faced by bonding ceramic or glass tiles to the tool’s surface.  When the ceramic layer grinds down, it is replaced with another layer, or a fresh layer is bonded to the first.

The point at which grinding stops and polishing begins depends on a number of factors.  While glass surfaces can be ground to a very fine finish – perhaps to a 1 µm grit size which minimizes subsurface damage – other factors generally limit the final grit size to around 5 microns.  For very small particle size, the intimacy between the part surface and the tool can cause the tool to seize on the part, which makes the two virtually inseparable without major forces being applied.  The larger or more costly the part, the more this risk becomes unacceptable.  Also, the risk of scratching the surface increases with small grit, especially when using very hard tools such as cast iron or steel.  On many surfaces it is a good compromise to perform the final grinding with a softer tool material such as brass, aluminum, or glass, and use a slightly larger grit size.  The softer tool material will result in less damage and reduce the risks.  

Compared to generating with bound abrasive wheels, loose abrasive grinding is performed at much lower speeds.  Very small parts are ground at a few hundred rpm whereas large parts are ground at only a few rpm.  This lower speed accounts for the removal rate difference between the two methods.  At higher speeds, the loose abrasive slurry mixture would be flung off the tool or part.

2.6  Polishing

Polishing an optical surface brings its surface figure, or form, into compliance with specification.  At the same time, the surface finish or microroughness is reduced to an acceptable value.  Polishing is a seemingly magical process, which uses a combination of mechanical motion and chemistry to produce surfaces smooth to molecular levels (Holland 1964).

Most high quality optical surfaces are polished using a tool similar to the grinding tool, except that it is faced with viscoelastic pitch or polyurethane.  This tool, called a lap, is stroked over the surface with an aqueous slurry of polishing compound.  The surface is polished by a complicated chemical and mechanical interaction between the glass surface, the lap surface, and the slurry.  Polishing is partially a chemical process, so different substances must be used to polish different materials; no one substance is ideal for all materials.  Some polishing compounds for common optical materials are cerium oxide, zirconium oxide, alumina, and colloidal silica.  These are available in proprietary mixtures from several suppliers. 

Pitch laps are frequently used for high quality surfaces.   Pitch is a generic term describing a group of substances made from the distillation of tar derived from wood or petroleum.  It is very soft compared to glass so it will not scratch, and has a low melting temperature of about 50-100 degrees C.  Its viscosity, usually in the range of 108-1011 poise, allows the pitch to slowly flow at room temperature so that it takes the shape of the part being polished and remains in close contact. 

Pitch laps give the best performance, but they require considerable maintenance.  Production parts are polished using laps faced with polishing pads made of polyurethane.  These synthetic pads work well with particular polishing compounds that have been optimized for use with the pad.  Laps faced with these polishing pads are extremely stable, and they polish more quickly than pitch because they can be run at higher pressures and speeds.  However, unlike pitch, these laps do not naturally flow to conform to the shape of the optic, so the pads must be applied to a precision-machined surface.  This special tooling is efficient but expensive, and it will only work for a particular radius of curvature.

Metals, plastics, and crystals can be polished the same way as glass, but using different polishing pads and compounds.  Metals are polished best with cloth polishers and polishing compound with very fine chrome oxide or diamond  (Brown 1981).  The quality of the finish depends on the hardness, porosity, and inclusions of the metal substrate.  Plastic optics such as acrylics are polished with aluminum or tin oxide with soft synthetic polishing pads.  Most crystals are polished using synthetic pads with a compound of colloidal silica, fine diamond, or alumina (aluminum oxide).

The macrotopography (surface figure) and microtopography (surface finish) are the two most difficult specifications to meet in the fabrication process and are the biggest cost drivers.  The surface figure is commonly specified as an average (rms) or absolute value (peak-valley) height difference between the actual surface height and the ideal theoretical surface.  This difference is usually specified in units of waves, or fractions of a wave, at the wavelength at which it is used or tested.  Typical figure tolerances are 0.2 to 0.05 waves rms at the measurement wavelength of the HeNe laser at 632.8 nm.  

Control of the figure comes from the geometry of the polisher : how the lap is stroked and the table with the optic is rotated.  High quality parts are time-consuming to make.  They require the optician to measure the part, usually with interferometry, and to adjust the fabrication process to correct the errors in the surface.  The cost of the optic will depend on the efficiency of the optician in converging to the final specification.  The accuracy of the finished part will depend on both the residual errors that the optician measures and errors in the optical test.

Surface figure specifications are made as peak-to-valley (P-V) or rms departure of the surface from ideal.  Peak-to-valley specifications are becoming less popular (particularly to the fabricators), because they only relate to very local regions of a surface.  This specification makes sense for optical surfaces measured by inspection with a test plate.  The optician uses a test plate to evaluate the large-scale distortions of the interferogram.  He gives a limit to the irregularity that he sees, and he uses this visual assessment to qualify the P-V distortion in the surface.  

For the case of computerized phase measuring methods, however, the P-V error is strictly the difference between the maximum point and the minimum point in the data.  The high resolution of these instruments will provide surface maps with 30,000 points, so any two points are not statistically significant.  In fact, the minimum and maximum of the data will usually be driven only by measurement noise.  It is not uncommon to relate a P-V specification to an equivalent rms value by applying a simple rule of thumb – the allowable rms figure can be estimated by dividing the P-V specification by a factor of 5.  Nonetheless, P-V specifications in the ½ to 1/20 wave are still common.  

Clearly, higher quality surfaces require more time to make and are more expensive to produce.  Flats and spheres can be produced by conventional methods down to 0.01 waves rms or better.  They are made to 0.002 waves rms using special methods depending on the size and surface shape.  Aspheres are considerably more difficult to figure and will be discussed in Section 3. 

The finish is the local roughness of a surface compared to a perfectly smooth surface.  It is usually specified as an average (rms) surface height irregularity over spatial scales of a few tens of microns.  Unlike the figure, the surface finish comes from the process itself – the type of lap, polishing compound, pressures, and speeds.  These processes are derived before starting the production parts, so the optician does not typically adjust the polishing based on measured results, as he does for the figure.

Interferometric techniques are now used to measure both the figure and the finish of optical surfaces to high precision.  Using computer-controlled phase-shifting interferometry, surface figures can be measured to a few nanometers and surface finish to a few tenths of a nanometer.  The ability to precisely measure these quantities has resulted in improved polishing processes that lead to better surfaces.  However, the understanding of the polishing process, particularly of glass, remains mired in its great complexity. 

High quality optical surfaces will generally be finished to less than 20 angstroms rms, down to a few angstroms rms.  For most optics, the standard pitch polish, giving about 10 angstrom rms roughness, is more than adequate.  Some applications require superpolished surfaces, with roughness below 2 angstroms rms.  Special effort is required to produce such surfaces, and few fabricators have developed this capability. 

Producing a high quality optical figure is perhaps the most cost sensitive aspect of fabrication.  Various methods have been developed to create high quality surfaces on different types of surface shapes.  Here, we will describe some of the methods used to produce flat surfaces, spherical surfaces, and aspheric surfaces.  We look at established techniques, as well as some more modern methods under developement. 

2.6.1  Polishing of spherical surfaces

Spherical surfaces are the simplest of all to fabricate because of their symmetry.  The grinding and polishing process tends to produce spherical surfaces.  The fact that the tool and the workpiece are not full spheres, but are segments, allows variations in wear across the surfaces that can be used to change their radius of curvature.  Most optical system designs utilize optics with only spherical surfaces, due to the relative ease of manufacture over aspherical ones, although aspherical surfaces can simplify the optical design. 

Conventional methods for grinding and polishing spheres use one surface, usually the optic, to rotate on a turntable and the other, the lap, to move over it.  Overarm machines, shown in Figure 10, stroke the tool over the part using an arm that attaches to the tool through a ball joint.  Also, the roles can be reversed and the block with the optics can be attached to the arm and driven over a rotating tool.  By adjusting the length of the stroke and the relative speeds of the rotation, as well as the length of the stroke, the radius of the two surfaces can be made to move longer, shorter, or stay the same.  A skilled operator can make an accurate sphere with low surface roughness. 
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Figure 10.  Overarm polishing machine.  Production shops use machines with numerous spindles running simultaneously.

(Courtesy Karow 1993). 

As mentioned, various blocking methods can be utilized to increase production volume, such as the use of spot blocks or other multiple element blocking, as shown in Figure 11.  Running the machine faster and automatically feeding the slurry can dramatically increase production rates.  Also, high production volume can be achieved using diamond pellet tools for grinding and polyurethane pads for polishing.  Fabrication of spherical surfaces where the process parameters have been finely tuned to produce predictable results allows economic fabrication of optics in large quantities.  Most catalog items fall into this category of production optics, and optical designers should use these available parts whenever possible.
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Figure 11.  Numerous small parts with the same radius of curvature can be blocked together and processed simultaneously.

(Courtesy Newport Corp.)

When custom optics are required, the story changes dramatically.  Parts must be blocked individually, and tools and test plates may need to be fabricated for each surface.  However, many optics houses keep a large range of both tools and test plates used in prior work.  If catalog optics cannot be used in a design, it is always cost effective to choose radii for the spherical surfaces that are in the test plate and tooling inventory of a manufacturer. 

Large spherical surfaces (>100mm) are produced in the same way as small ones. The tooling and machines become proportionally large, but the basic method of rubbing two spheres together is the same.  However, controlling the shape becomes increasingly difficult as the part diameter becomes larger.  It is also increasingly difficult to handle the large tools.  Generally, it is necessary to use a large tool (large meaning 60-100% of the part diameter) after the part has been generated to smooth out errors in the surface.  Following large tool work, smaller diameter tools are used to figure the surface to high accuracy.  The use of smaller tools can have some effect on the surface slope errors, since a small tool is working locally and can leave behind local wear patterns.  This becomes increasingly important as the tools get smaller.  With skill and experience, an optician can keep these errors small by not dwelling too long at any one location on the surface. 

2.6.2  Polishing of flats

The production of a flat surface used to be difficult, due to the fact that the tolerance on the radius of the surface is the same as the tolerance on the irregularity, i.e., power in the surface is an error to be polished out.  This changed with the development of the continuous polishing (CP) machine.  A continuous polisher uses a large annular lap (at least 3 times the size of the part) that turns continuously.  The parts to be polished are placed on the lap in holders, or septums, that are fixed in place on the annulus and are driven so they turn in synchronous motion with the lap.  It can be shown that if the part is in synchronous rotation with the lap and always remains in full contact with the lap, then the wear will be uniform.  By maintaining the flatness of the lap and providing uniform wear, any parts that are not initially flat very rapidly become so.  

The lap of the continuous polisher is kept flat by the use of a large flat called a conditioner, or bruiser, having a diameter as large as the radius of the lap. The conditioner rides continuously on the lap, and is caused to rotate at a synchronous rate.  By adjusting the conditioner’s radial position, the lap can be brought to a flat condition that can be maintained for long periods.  Slight adjustments in the position of the conditioner are made as parts are found to be slightly convex or concave.  Careful attention must be paid to environmental control and slurry control to maintain consistent results.  Since these machines run continuously, 24 hours a day, their throughput can be very large. Because the contact between lap and part is exceptionally good on these machines, they routinely produce excellent surfaces with no roll at the edge. 
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Figure 12.  The continuous polishing (CP) machine can polish both flats and long radius spheres to very high surface figure quality and surface finish.  As long as the parts do not pass over the edge of the lap and are rotated synchronously with the lap, they will experience uniform wear.  The conditioner is a large disk that keeps the lap flat and also rotates synchronously with the lap.  

The uniform wear is not dependent on the shape of the part.  This means that plano parts with highly unusual shapes can be fabricated to high quality right to their edges or corners.  The only other variable that needs to be controlled to produce uniform wear is the pressure.  Some parts with large thickness variations and low stiffness need to have additional weights added so that the pressure is nearly uniform across the part.  If the figure is seen to be astigmatic, weights can be distributed on the back of the part to counteract any regions of decreased wear. 

Instead of using pitch, the lap can be faced with grinding or polishing pads.  Brass or other metal or ceramic surfaces are used for grinding.  Polyurethane, or other types of synthetic pads, can be used for polishing.  Pad polishers do not require as much maintenance as pitch laps and can produce excellent surfaces with the proper materials and conditions. 

This technique has been extended to parts having two polished parallel faces such as semiconductor wafers and various types of optical windows.  Both faces are polished at the same time using what are called twin polishers.  In this case, there is a lap on top and bottom, with the parts riding in septums in between.  These machines rapidly grind and polish windows to high flatness, low wedge, and critical thickness. 

Spherical parts can also be fabricated on a continuous polisher by cutting a radius into the lap and maintaining the radius with a spherical conditioner.  In this way, numerous parts with exactly the same radius can be manufactured economically.  This works well with parts whose radii are long compared to their diameters, i.e., parts with large focal ratios.  If the focal ratio becomes too small, the uniform wear condition is not valid due to an uncompensated angular velocity term in the wear equation.  This term causes a small amount of spherical aberration in the part, which must be removed through pressure variation or some other means. 

Continuous polishing machines have been built to 4 meters in diameter, capable of producing 1 meter diameter flats.  To produce larger flats, a more conventional polishing machine is used, such as a Draper type, overarm type, or swing-arm type.  In this case, the situation is reversed from a CP.  The mirror is placed on a suitable support on the turntable of the polishing machine, and ground and polished with laps that are smaller than the part.  This is a more conventional process, but it is difficult to achieve the smoothness and surface figure quality that the CP provides. 

2.7  Centering and edging

After polishing both sides of lenses, the edges are cut to provide an outer cylinder and protective bevels.  The lenses are aligned on a rotary axis so both optical surfaces spin true, meaning that the centers of curvature of the spherical surfaces lie on the axis of rotation.  This line, through the centers of curvature, defines the true optical axis of the lens.  When the lens is rotated about the optical axis, the edge is cut with a peripheral diamond wheel.  This ensures that the newly cut edge cylinder, which defines the mechanical axis of the part, is nominally aligned to the optical axis.

There are two common centering methods shown in Figure 13 – one optical and the other mechanical.  The lens can be mounted on a spindle that allows light to pass through the center.  As the lens is rotated, any misalignment in the lens will show up as wobble for an image projected through the lens.  The lens is centered by sliding the optic in its mount and watching the wobble.  When the wobble is no longer discernable, the part is centered and can be waxed into place for edging.

Also, the centering can be automated using two co-axial cups that squeeze the lens.  Here, the lens will naturally slide to the position where both cups make full ring contact, and will thus be aligned (at least as well as the alignment of the two cups).  This method of bell chucking is self-centering, so it is naturally adapted to automated machines.  It is important that the edges of the chucks are rounded true, polished, and clean so they will not scratch the glass surfaces.

When the optical element is centered and rotated about its optical axis, the outer edge is cut to the final diameter with a diamond wheel.  This operation can be guided by hand, with micrometer measurements of the part, and it can also be performed automatically using numerically controlled machines. 

When cutting the edge, a protective bevel should always be added to protect the corners from breakage.  A sharp, non-beveled edge is easily damaged and the chips may extend well into the clear aperture of the part.  A good rule of thumb for small optics is that bevels should be nominally 45°, with face width of 1% of the part’s diameter.

Large optics, which are made one at a time, are frequently manufactured differently.  The blanks are edged first, then the optical surfaces are ground and polished, taking care to maintain the alignment of the optical axis with the mechanical axis.  Also, optics with loose tolerance for wedge can be edged first, then processed as described above.
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Figure 5.126. Continued. (d) Optical centering method.





a) Optical centering
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Figore 5.128. Bell chuck centering and beveling for large lenses.




b) Centering by clamping in a bell chuck.

Figure 13.  Centering and edging of lenses.  The lens can be centered on the chuck (a) optically by moving the element to null wobble of the image, or (b) automatically using a bell chuck.  Once centered on the spindle, the edge and bevels are cut with diamond wheels. (Courtesy Karow, 1993).

2.8  Cleaning

The finished parts must be thoroughly cleaned to remove any residue of pitch, wax, and polishing compounds.  The optics are typically cleaned in solvent baths with methyl alcohol or acetone.  Optics can be cleaned one at a time by carefully wiping them with solvent-soaked tissues, or they can be cleaned in batches in large vapor degreasing units followed by an ultrasonic bath in solvent.  Parts that were not edged after polishing tend to have stained bevels and edges from the polishing process.  This can be difficult to clean and this residual compound can contaminate the coating chambers.

2.9  Cementing

Lenses and prisms are commonly bonded to make doublets or complex prisms.  The bonded interface works extremely well optically as long as the cement layer is thin and nearly matches the refractive index of the glasses.  The bonded surface allows two different glasses to be used to compensate for chromatic effects, and this interface introduces negligible reflection or scattering.  

Most cementing of optics is performed using a synthetic resin, typically cured with UV light.  The procedure for cementing lenses is first to clean all dust from the surfaces.  Then the cement is mixed and outgassed, and a small amount is dispensed into the concave surface.  The mating convex surface is then gently brought in to press the cement out.  Any air bubbles are forced to the edge and a jig is used to align the edges so that the lenses are centered with respect to each other.  Excess cement is cleaned from the edge using a suitable solvent.  When the lens is aligned, the cement is cured by illuminating with UV light, such as from a mercury lamp.

2.10  Current trends in optical fabrication

Through the use of various types of motors, sensors, switching devices and computers, automation has begun to have a major impact on the productivity of fabrication equipment.  Numerically controlled (NC) machining has made tooling and shaping of parts much more rapid and less costly.  Generating has become more automated with the application of position encoders and radius measuring hardware and software. Grinding/polishing machines are slowly having most of their subsystems automated, although the basic process has remained as described above.  For most precision optics made today, 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. 

New machines that use a different approach to fabricating custom optics may become so efficient that they eventually will outperform current production methods.  These machines such as the OPTICAM (Optics Automation and Management) apply advanced NC machining technology to the fabrication of small optics.  This technology is being developed at the Center for Optics Manufacturing at the University of Rochester, (on the World Wide Web at www.opticam.rochester.edu).  A single, high precision machine rapidly generates, grinds, polishes and shapes a single lens at a time.  Metrology for each stage is integrated into the machine and corrections are applied automatically.  Stiff, high-precision spindles with diamond wheels use shallow cuts to produce accurate surfaces with minimal subsurface damage.  Ring tool polishers are used to bring the surfaces to final figure and finish.  Although the machines are currently expensive compared with conventional labor-intensive methods, the future of production optics clearly lies in this direction.  The development of these machines has driven a wide range of deeper investigations into the grinding and polishing of glass.  These will inevitably lead to further developments in the automation of optics production. 

3.  Fabrication of aspheres and non-traditional manufacturing methods
In the previous section, we give the basic steps for making spherical and plano optics by following the conventional processes, although frequently these steps are made with advanced machinery.  In this section we describe the fabrication of aspheric surfaces and introduce a variety of methods that are in practice for making non-classical optics.  Some aspheres are polished using direct extrapolations of spherical methods.  Others rely on advanced, computer-controlled polishers.  Aspheric surfaces can also be produced by methods other than polishing.  Small optics are directly molded in glass and plastic.  Aspheric and irregular surfaces are also replicated in epoxy, plastic, and electroformed metal.

Aspheric optical surfaces – literally any surfaces that are not spherical – are much more difficult to produce than the spheres and flats above.  Since these non-spherical surfaces lack the symmetry of spheres, the method of rubbing one surface against another simply does not converge to the desired shape.  Aspheric surfaces can be polished, but with difficulty, one at a time.  The difficulty in making aspherics greatly limits their use, which is unfortunate since a single aspheric surface can often replace a number of spherical surfaces in a design. 

3.1  Definitions for common aspheric surfaces

Many aspheric surfaces can be approximated as conic sections of revolution, although some are manufactured as off-axis pieces from the ideal parent.  Conic sections are generally easier to test than a general asphere, because there are geometric null tests for conics.  The general shape for a conic aspheric surface is given in Eq. 1.
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(Eq. 1)

Where:

z(r) = surface height

r  = radial position (r2 = x2 + y2) 

R = radius of curvature

K = conic constant ( K = -e2  where e is eccentricity). 

The types of conic surfaces, determined by the conic constant, are as follows, and are shown in Figure 14.: 

K < -1
Hyperboloid

K = -1
Paraboloid

-1 < K < 0
Prolate ellipsoid (rotated about its major axis)

K = 0
Sphere

K > 0
Oblate ellipsoid (rotated about its minor axis).


[image: image23.wmf]
a)  Paraboloidal surface (K = -1)

[image: image24.wmf]
b)  Hyperboloidal surface (K < -1)
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c)  Ellipsoidal surfaces (K > 0, or 0<K<-1).

[image: image26.wmf]
d)  Off-axis paraboloid

Figure 14.  Common aspherical surfaces, defined as conic sections of revolution.

Equation 1 gives the sag, which is equivalent to deviation of the optical surface from a plane.  However, in optical fabrication we are concerned with the deviation of this surface from spherical.  Using a Taylor expansion, the aspheric departure S(r) is given in Equation 2.  (Sometimes optics are given additional aspheric polynomial coefficients, which would add with the coefficients on r2, r4, …)
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(Eq. 2)

Although most aspherics are specified as conic surfaces and polynomial aspherics, there are some other common aspheric surfaces:

· Toroids – These surfaces are part of a torus, having a different radius of curvature for two orthogonal directions on the optical surface.  These are used for astigmatism correction in eyeglasses, and are used at grazing incidence for focusing high-energy radiation.  Toroids are made with special generators, and polished with a variation of the process for making spherical optics.

· Axicons – These surfaces are basically cones, generated by a tilted line rotated about an optical axis.  Axicons are used in unstable resonator laser cavities and for special alignment tooling.  These are nearly always made by molding or single point diamond tooling.

3.2  Conventional methods for fabricating aspherics

There is tremendous experience behind the traditional fabrication methods that were presented in the previous chapter.  These methods can be applied for making aspheric surfaces, with a few adjustments.  Since the methods work best for spheres, we define the difficulty of an asphere by its aspheric departure, or the difference between the aspheric shape and the closest fitting sphere.

3.2.1  Methods for controlling the figure

Spherical surfaces are used for most optics because these surfaces are easy to describe, easy to manufacture, and easy to test.  The spherical surface can be specified by a single parameter – its radius of curvature R.  The spherical surface is the easiest to make because of its symmetry.  The lap and the part tend to wear on the high spots, and since both are in constant motion about several axes, they will both tend to be spherical.  Any other shape would present a misfit between the two, which would tend to be worn down.  Testing of spherical surfaces also takes advantage of the symmetry. 

When figuring optical surfaces by lapping, the optician uses two different effects to control the surface; natural smoothing and directed figuring.  Small scale features, much smaller than the lap, tend to be removed by natural smoothing.  This is the same process as using a sanding block to get a smooth texture in wood.  As long as the block is rigid, any bumps in the wood will see large forces and will be removed quickly.  This effect, for polishing and sanding, is diminished for features larger than the tool, or for the case where the tool is not rigid and easily conforms to the surface.  Using good shop practices and large, rigid tools, optics can be finished spherical to about 0.2 µm of ideal, using only natural smoothing.  The symmetry of the spherical surface insures that the tool will fit the surface well everywhere.

Features on optical surfaces larger than the polishing tools can be shaped using directed figuring.  This is simply controlling the process, based on surface measurements, to target the high areas on the optic and hit them directly.  In its simplest form, an optician will use directed figuring by making a small tool and running it on the high regions of the optic, as determined by an optical test.  In polishing, any combination of speed, dwell time, and pressure variation may be used, but the premise is the same. 

3.2.2  Tools for working aspherics

The difficulty in polishing aspheric surfaces is due to the fact that a large rigid tool cannot fit everywhere on the surface.  If the tool fits one place, it will not fit at a different position or orientation, and will lose the ability for natural smoothing.  Opticians deal with this in two ways, both at the expense of large scale natural smoothing.  They can make the tool smaller until the misfit is no longer important, or they can make the tool compliant so it will always fit.  In fact, most opticians will use a combination of these for any single asphere.

For analysis of the tool misfit, we treat the case shown in Figure 15, with a circular lap, diameter 2a, a distance b from the optical axis of the parent asphere.  The misfit of the lap can be represented in several modes, which take the same form as optical aberrations.  Power corresponds to a radius of curvature mismatch.  Astigmatism gives the curvature difference in the two principal directions.  Coma has a cubic form and spherical aberration (SA) has a quartic dependence on lap position. 


[image: image28.wmf]
Figure 15.  The lap misfit is calculated for a polishing surface with diameter 2a, offset from the vertex of the parent asphere by an amount b.


We give the lap misfit for a few common conditions.

1. Lap fits a spherical surface with radius of curvature R

2. Lap is revolving

3. Lap is rotating a small amount 
4. Lap is translating a small amount b
Table 1.  P-V lap misfit for the cases described above


Power
Astig
Coma
SA

1.  spherical lap
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2.  revolving lap
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4.  small translation b
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Note that the spherical aberration term has no effect for the real cases (2,3,4).  This is because the spherical aberration of the asphere is constant on the lap for any position.  It is only the change of surface aberrations that affect polishing.  Also, most of the terms for the aberrations in Table 1 can be neglected for two common cases.  For a large tool with a small stroke near the axis, the coma term dominates.  For a small tool, off axis by an amount much larger than the tool size, the astigmatism and power terms dominate.  The astigmatism and power are coupled so the P-V misfit for the case of the stroking tool will be equal to the sum of the power and astigmatism terms. 

The relationships in Table 1 are used to design the equipment for grinding and polishing.  In grinding, the shape errors should be less than the size of the grit in the grinding compound, and in polishing the lap should fit to a few microns.  (The better the lap fit, the better the finish.)  The laps designed for aspheric surfaces use a combination of small size, small stroke, and compliance to maintain the intimate contact required.

3.2.3  Aspherizing

The traditional steps for making an aspheric surface are to first generate and grind to a spherical surface using the methods described in the previous section.  Then the surface is “aspherized” by grinding or polishing with a specially designed tool, stroke, or machine. For small departures of a few tens of microns, this can be polished in.  For steeper aspheres, it is generally ground into the surface and the entire surface is then polished with small or flexible tools. 

There are a variety of methods for aspherizing.  Full size compliant tools can be used with the contact area defined as petals that give the desired removal as the part is rotated underneath.  Full size metal tools with the inverse aspheric curve are used for “plunge grinding” of small parts.  Most commonly, smaller laps are used, and the dwell is adjusted based on the aspheric curve to be ground in.  The aspherizing process is usually monitored with mechanical measurements, such as spherometry or profilometry. 

3.2.4  Polishing 

Once the part has been aspherized, it is polished and figured using a combination of large, semi-compliant tools and small tools.  The optical test is critical for this process, as the optician will work the part based on the measurement.  Unlike making spheres, there is no tendency for the process to give the correct shape.  The optician iteratively measures the surface and works the surface until it meets the specification. 

Mild aspheres have surface slopes that are only a few microns over the diameter of the part.  In that instance, large tools can still be used to produce the asphere, and smooth aspheric surfaces can be made.  When slopes become larger, say tens of microns over the part diameter, a single large tool cannot be used and small tools become the rule.  For fast aspherics, where local slopes can become greater than several microns per millimeter, very small tools or other methods must be employed.  The usual result from using a tool that is too large to fit the local surface is that the tool wears in a restricted region and produces ripples or zones in the surface.  These zones can become quite sharp and are often difficult to get rid of.  Zones can be prevented or removed by using a properly sized tool, or by making the tool flexible enough to bend into the global shape of the surface, yet still retain some local stiffness.  Much experience and knowledge has traditionally been required to produce high quality aspheres.  However, more deterministic methods are being developed. 

3.3  Modern methods of asphere fabrication

3.3.1  Computer controlled polishing

Most aspheric surfaces are produced by highly skilled opticians using small tools and conventional machinery.  There are, however, a number of methods being developed that integrate computer technology with radically different polishing methods that can rapidly produce aspheric surfaces.  The first of these is the computer controlled polishing (CCP) method (Bajuk 1976, Jones 1979, Jones et al. 1990).  This is essentially a traditional small tool method where the tool is driven in an orbital motion producing, on average, a known wear profile.  This wear profile is applied to the measured errors in a surface to produce a tool path that essentially rubs longer on the high areas and less on the low areas, but in a precise relative way that can rapidly improve the figure.  Sophisticated, proprietary computer algorithms are used to determine the optimal machine motions from the surface measurement and removal function. 

Another method that radically departs from traditional polishing methods is the ion figuring method (Meinel, et al., 1965, Allen and Keim, 1989).  Here, the polished surface is bombarded by ions from an ion gun to remove material in a very deterministic way.  The removal function of the ion gun is well established prior to use.  Just like the CCP process, a tool path is developed from the measured surface errors to produce a dwell time function for the surface.  The surface figure can be rapidly improved due to the high removal rate of the ion gun verses polishing.  The process is highly deterministic, so many parts can be finished with a single run in the ion mill.  Ion figuring is only used to remove about a micron from the surface, because it can degrade surface finish.

A figuring process that utilizes the etching of glass is the PACE or Plasma Assisted Chemical Etching method (Bollinger, et al.,  1990).  A small confined plasma, which is reactive with the glass substrate, is moved over the surface, and material is removed proportional to dwell time.  By choosing a suitable tool path, the surface can be figured without introducing high spatial frequency errors into the surface.  The tool size can be adjusted to produce the most appropriate removal profiles for the particular surface error.  As with ion figuring, this method also demonstrates high removal rates and excellent figure convergence.

Another deterministic polishing method for small aspheres uses a lap made with a magnetorheological substance, which has viscosity that can be controlled by applying magnetic fields. (Golini, et al., 1995)   This tool gives a well-defined removal profile, which can be modulated with electromagnets.  The parts are rotated under the lap and the magnetic field is adjusted under computer control according to the measured surface.

The finishing of optics with such computer controlled methods using small tools has been limited to large companies or research groups.  These techniques provide excellent results when everything is worked out correctly.  However, it takes many hours to polish a large optic with a small tool and, if something goes wrong in this process, the polisher can drive a small low region into the part.  If this happens, the entire surface must be driven down to meet this low spot.  One must have confidence in the process to use small tool figuring on production parts.  Also, these methods rely on good, computer-acquired data which is mapped carefully to the surface.  If the polishing run is shifted slightly, relative to ideal, the polisher can drive low spots right next to the high spot it was intending to hit.  Even with these difficulties, the large optics companies have developed excellent processes and equipment for computer controlled polishing.

While these methods are very efficient, they are expensive to implement and operate.  The application of computer controlled polishing has been largely limited to special projects for defense or space related work when more conventional methods would be nearly impossible to use.  However, in recent years, CCP processing is becoming widely used and will lead the way towards the integration of the computer and other high technologies with aspheric production methods.

Large-tool polishing is also possible for aspheric surfaces if the tool itself is controlled by computer.  Several groups have developed large, active tools that polish aspheric surfaces under computer control by changing the lap shape or force.  The stressed lap polisher (Martin, et al., 1990, West et al., 1994) uses a large, rigid polishing tool that is actively bent under computer control to take the shape of the aspheric surface.  This retains the advantage of large tools to provide passive smoothing, even on steep aspheres (Burge 1999).  A different concept has been demonstrated that uses a membrane lap with the polishing force dynamically controlled by computer (Korhonen 1990).  This allows the use of a large tool, although there is little gain by passive smoothing.

One last semi-conventional method for making aspheres is the bend and polish technique developed by Schmidt (1932) and applied elsewhere (Everhart 1966, Lubliner and Nelson 1980).  The substrate itself is carefully distorted by applying external forces or moments.  The distortion is controlled and the part is polished spherical in its distorted state.  The optic should then relax into the desired aspheric shape.

3.3.2  Molding

Many small aspheric lenses, such as camera lenses, are made by the direct molding of glass or plastic into an aspheric mold.  The molds have the opposite shape of the finished asphere and are made from materials that can withstand the required high temperatures.  These optics are readily mass produced by the millions with astonishingly good quality (Aquilina 1988).

Small lenses are molded in glass using a method called Precision Glass Molding or PGM (Pollicove 1988).  The lenses are formed into the final shape by being pressed into a die at high temperature.  This method economically produces small (< 10 mm) spherical and aspherical optics in a variety of glasses, giving diffraction limited performance and excellent surface finish.  These lenses are used in high-volume goods such as pocket cameras.  Larger condenser lenses for projectors, which have reduced requirements, are also made this way.

High quality plastic optics are mass produced by the process of injection molding  (Hoff 1995).  Liquid plastic is forced into a heated mold cavity at high pressures.  The plastic solidifies to the inverse shape of the mold.  By carefully controlling the pressure and temperature profiles, high quality lenses up to 50 mm in diameter can be produced.  The tooling to produce these lenses is quite expensive, but it enables a low cost process that produces lenses by the thousand.  Plastic optics find use in the same type of applications as the molded glass lenses.  Advantages to plastic optics are reduced weight and the ability to have complex mounting features integrated with the optic.

3.3.3  Replication of optical surfaces

In addition to molding, optical surfaces are created by replicating against a master.  Compression molding of plastics is used to make large, flat optics such as Fresnel lenses (Parks 1981).  A thermoplastic blank is pressed between two platens and heated.  Parts as large as 1.5 meters have been made using this method.

Optical surfaces, especially gratings, are often replicated into epoxy.  Typically, the epoxy is cast between two glass surfaces, the master and the final substrate.  A special chemical called a release agent is applied to the master surface so the epoxy will not stick to it.  The result is a replicated inverse of the master, held fast to the final substrate.  Diffraction limited accuracy can be obtained for parts made using a carefully controlled process.

Metal optics are electroformed against precision mandrels to make good, smooth optics.  Electroforming is simply electroplating onto a surface with a suitable release.  After completion, the thin metal “electroplate” can be removed and used as a reflective optic.  Reflectors for high power light sources are made by electroforming a thin reflective layer of nickel or rhodium onto a convex mandrel.  A layer of copper, several millimeters thick, is then electroformed on top to give the part structural rigidity.  These optics are quite smooth, but can have large figure errors.

3.3.4  Single point diamond turning 

In recent years, high performance machines have been produced that use sharp diamond tools to turn optical surfaces directly to finished tolerances.  These machines use accurate motions and rigid mounts to cut the optical surface with a single diamond point, just as one would machine the part on a lathe.  This has the obvious advantage that aspheric surfaces can be cut directly into the surface, without the need for special laps or metrology.  In fact, some optical surfaces, such as axicons, would be nearly impossible with conventional processes.  Single point diamond turning (SPDT) is not new, but only in recent years has it become economical for production parts.  Some references on the subject are in Arnold et al., 1977, Gerchman 1986, Rhorer and Evans 1995, and Sanger 1987.

A variety of materials have been fabricated using SPDT.  The best results are for ductile metals like aluminum, copper, nickel, and gold.  Crystalline materials used for infrared applications such as ZnSe, ZnS, and germanium are also diamond turned with excellent results.  Diamond turning does not work well for glass materials because they are brittle.

The surface structure obtained from diamond turning is different from conventional processes.  Polished optics have no systematic structure in them, and they can be made perfect to a few angstroms.  Diamond turned surfaces always have residual grooves from the diamond tool.  These can be made quite small (10 nm) by making a final light cut with fine pitch.  The surface scattering from these grooves limits the application of most diamond turned optics to infrared applications, which are not sensitive to such surface effects.  In some cases it is possible to post-polish the diamond turned part to smooth out these grooves (Bender et al., 1988).

There are two common configurations for diamond turning machines : as a precise lathe with the part spinning and the diamond bit carefully controlled, and as a fly cutter with the part fixed and the diamond bit moving on a rotating arm.  The lathe-type machines produce both axisymmetric surfaces and off-axis optics (by mounting the optic off the axis of rotation.)  The fly cutter geometry is used to produce flats, especially for crystals that are difficult to polish, and for multi-faceted prisms where the relative angle from one facet to the next can be controlled.

4.  Fabrication issues for the optical designer

When the optical designer is first developing the system concept, he should ask the question “How is this going to be made?” It makes no sense to design a system with components that cannot be manufactured accurately enough to meet the technical specifications or economically enough to meet the cost goals.  This section discusses some of the fabrication issues that face optical designers.  Different manufacturing methods and shops are used, depending on whether the order is for thousands of optics or only a few.  Tolerances on the components can drive the fabrication method, so these must be carefully thought out.  Size also plays an important role in deciding the fabrication method and the reasonable specifications.  The choice of material for the optics can also limit the choices for fabrication methods.

4.1
Fabrication issues related to quantity

As part of the overall system design and optimization, the optical engineer must decide how the components will be fabricated.  The previous sections describe the common fabrication methods employed by many shops.  Quantity is the most important parameter for defining which techniques make sense and which shop to use.  Some optics will necessarily be expensive because they are single items that require special attention.  At the other end of the spectrum, considerable savings can be made for large production runs by taking advantage of the technologies that reduce the reliance on highly skilled labor.

Since a large portion of the cost for fabricating optics is in the setup and tooling, one should always start by finding what optics are already in production and attempting to use them, rather than setting up a new line with optics only slightly different.  The optical designers frequently have flexibility to modify the designs to work with existing lenses.  The lens catalogs for the largest suppliers are included in the optical design software libraries for this reason.

Injection molded plastic optics provide the lowest cost option for large quantities of small lenses.  Also, small molded glass optics are produced at high volume for low cost.  The designer for a system in mass production should think first about plastic, then molded aspheres, then, if necessary, conventional glass optics.  The rest of this discussion is limited to the case of custom glass optics.

4.1.1 Ordering the glass

The selection of the material is driven by the quantities to be made and by the required quality.  For large numbers of lenses or prisms, the blanks can be supplied as pressings, which are molded to about 1 mm over the final dimensions.  These can be blocked and processed by going straight to grinding, skipping the rough shaping step.  For large orders, the glass company can supply these blanks with tighter control on the variability of the refractive index from one part to another.  

Glass supplied in pressings will usually be of high quality, but it is impossible to inspect, due to the rough surface.  The glass for low volume, high performance optics is specified in blocks so the internal quality can be assessed.  The glass is melted, annealed, cut into blocks, polished for inspection, then graded according to the measured quality.  This gives the customer data showing each piece of glass, and premium prices are paid for the highest quality glass.  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 may 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 best material has been identified and sold at a higher price. 

The glass will be supplied with a melt sheet, which gives the pedigree of the material.  The refractive index will be measured for samples from each melt and interferograms will be provided for glass with high quality refractive index homogeneity.  If there is any variability for different melts, it is important to develop a good system to track lenses through fabrication, so it is known which finished parts came from which melt.  They all look the same.

4.1.2  Support for fabrication

Traditionally, optics are blocked to the support with pitch or wax.  This can be a labor intensive process and requires skill and experience to be done correctly.  However, this type of support does not require special tooling, so it makes sense for low volume production.

One of the largest cost savings for volume production parts comes from the use of spot blocks, described in Section 2.3.  These allow the blanks to be inserted directly into machined holders on the block, which does not need the highly skilled expertise of an optician.  The spot blocks are expensive to make, but they can be used repeatedly for parts with the same radii.  The cost per part obviously decreases with the number of parts per block and the number of times the block is used.  The breakeven point for the spot blocks depends on the particular shop practices, but it is fair to say that spot blocks are economical for the case where numerous (rather than a few) blocks of the same element will be made.

4.1.3  Rough shaping and generating

As described above, volume optics can be supplied as pressings with sufficient accuracy that no rough shaping is required.  For odd shaped optics that require initial shaping, cost savings can be made using automated NC machines.

The generating of optics in low volume uses careful alignment of the diamond cup wheel with the part.  The optician controls the radius by measuring the optic (or block of optics) with a spherometer, then adjusting the tilt of the wheel to give the desired curve.  The thickness of the parts must be monitored separately.  This type of generating works well, but it requires a highly skilled operator.

Optics made in large quantities can skip the generating step and be worked directly with pel grinders.  These high-speed diamond tools work the surface quickly from the rough shape to a fine grind ready for polish.  Simply maintaining the radius of the tool controls the radii of the parts.  Here again, the tooling is expensive, but can be used for multiple blocks of the same radius.

4.1.4  Polishing

Pitch tools are used for precision optics and for runs of small quantities.  The pitch tools require skilled labor to make and maintain, but they do not require any expensive or difficult machining.  Optics made in large numbers are frequently polished using pads of special fabric or textured polyurethane.  These tools can be expensive because they must be carefully manufactured so the radius of the tool matches the ground surface to be polished.  Once this is achieved, however, the tool can be used repeatedly for multiple blocks of lenses.  Also, the polishing speeds and pressures can be increased for these synthetic laps to speed up polishing.

4.2  Relationships between tolerances and fabrication issues

The importance of effective tolerancing for optical components cannot be overstated.  It is in the specification of the tolerances that the optical engineer must know something about the fabrication.  Optical designers tend to design systems that perform well according to simulations, then to expect this performance from the real lenses.  The tolerances for the system are often assigned as an afterthought to the design and they tend to be tight.  A better way to design is to anticipate the fabrication limitations in the design of the lens.  This way the designer balances sensitivity to expected errors as part of the optical design.

The optimal value for the tolerances can only be found by communication between the fabricator and the designer.  The designer always wants tighter tolerances because they will give improved performance.  These come at a cost, because the fabricator must work harder to meet these tolerances.  So how good is “good enough”?  The designer cannot decide this on his own because it depends on the incremental fabrication costs.  The fabricator can not define this, because he does not have sufficient information to know how the manufacturing errors affect the system performance.

When the system tolerance analysis is performed, the engineer will assume some tolerances and perturb the simulation of the optical system to determine the effect of each parameter (such as radius of curvature or lens thickness) being at the edge of tolerance.  The overall performance is estimated by combining the effect of all of the terms as a root sum square.  This is where the fun begins.  Usually, the optical designer finds one of two things from this exercise: either the system has excellent performance, in which case the assumed tolerances are too tight, or the performance is not acceptable, in which case the assumed tolerances must be tightened.  Now the designer should go to the fabricator and discuss which tolerances to adjust to give acceptable performance without driving up manufacturing costs.

Because the effects of the separate tolerance are uncorrelated and added as RSS, only the few largest terms contribute to the total.  If the designer looks carefully at the individual terms, tolerances that do not affect the performance can be made looser than would be otherwise.  Also, only a few critical parameters will need to be controlled to high accuracy.

The key to good tolerancing is to know the relationships between tolerances and cost.  Unfortunately, this information is hard to get, and it can vary significantly from one shop to another and over time.  This relationship depends on two things: how much extra work is required to achieve the tolerance and whether special equipment is required.  

A simple example is the angle for a prism.  Using standard shop practices, and paying no particular attention, the angle will be good to about 5 arc minutes.  If the optician takes special care using common tools, the angle can be controlled to 1 arc minute.  The added expense here is only the additional time required by the optician to measure the angle and adjust the process.  For accuracy of 10 arc seconds, the optician will need more sophisticated measuring equipment and it will take more iterations of the measure / adjust cycle.  Now if the angle must be made to 1 arc second, only an experienced optician with good metrology can get there, and it will take him considerable effort and time.  Optics with requirement of 0.1 arc second will require a research effort to come up with a way of both making this part and validating it, so the cost may be extremely high and the delivery time quite long.  

In some cases the cost curves do not change with tolerance until the capacity of a machine is exceeded.  A good example here is machining with numerically controlled machines.  A good machine will give 10 µm accuracy over small distances, independent of the tolerance assigned by the designer.  There would be no cost savings for assigning a looser tolerance.  There would, however, be a sharp cost increase if a 9 µm tolerance is assigned and the machine is certified to 10 µm.  This would drive the fabricator to another method, which may cost several times more.  It is important to discuss the tolerances with your fabricator.

We provide some rules of thumb for tolerancing optics.  Like any rules of thumb, these serve as useful guidelines, but the particular circumstances may be well outside these assumptions.  Many of the numbers come from some excellent articles on the subject of tolerancing :Willey and Parks 1997; Willey 1984, 1983; Parks 1983, 1980; Smith 1985; and Plummer 1979.  

We define several classes of tolerances:

Base – This is what the manufacturing process gives, without any special effort

Precision – Most shops can do this, at a cost increase of roughly 25% for that operation

High precision – At the limit for most shops, cost could increase 100% for that operation.

Table 2.  Rules of thumb for optical element tolerances 

Parameter
Base
Precision
High precision

Lens diameter
100 µm


12 µm
6 µm

Lens thickness
200 µm
50 µm


10 µm

Radius of curvature

(tolerance on sag)
20 µm
1.3 µm


0.5 µm

Wedge 
(light deviation)
6 arc min
1 arc min


15 arc sec

Surface irregularity
5 fringes
1 fringe


0.25 fringe

Surface finish


50 Å rms
20 Å rms
5 Å rms

Scratch/dig
160/100
60/40


20/10

Dimension tolerances for complex elements
200 µm
50 µm
10 µm

Angular tolerances for complex elements
6 arc min
1 arc min
15 arc sec



Bevels (0.2 to 0.5 mm typical)
0.2 mm


0.1 mm
0.02 mm

Table 3. Rules of thumb for optical element mounting tolerances
Parameter
Base
Precision
High precision

Spacing 

(manual machined bores or spacers)
200 µm
25 µm
6 µm



Spacing 

(NC machined bores or spacers)
50 µm
12 µm


2.5 µm



Concentricity 

(if part must be removed from chuck between cuts)
200 µm
100 µm


25 µm



Concentricity 

(cuts made without de-chucking part)
200 µm
25 µm


5 µm



Table 4. Optical material tolerances (Using Schott specifications, others are equivalent)

Parameter
Base
Precision
High precision

Refractive index departure from nominal
± 0.001
(Standard)
±0.0005
(Grade 3)
±0.0002
(Grade 1)

Refractive index measurement 
± 3 x 10-5
(Standard)
±1 x 10-5
(Precision)
±0.5 x 10-5
(Extra Precision)

Dispersion departure from nominal
± 0.8%
(Standard)
± 0.5%
(Grade 3)
±0.2%%
(Grade 1)

Refractive index homogeneity
± 1 x 10-4
(Standard)
± 5 x 10-6
(H2)
± 1 x 10-6
(H4)

Stress birefringence
(depends strongly on glass)
20 nm/cm
10 nm/cm
4 nm/cm

Bubbles/inclusions (>50 µm)
(Area of bubbles per 100 cm3)
0.5 mm2
(class B3)
0.1 mm2
(class B1)
0.029 mm2
(class B0)

Striae
Based on shadow graph test
Normal quality
(has fine striae)
Precision quality
(no detectable striae)
Precision quality
(no detectable striae)

4.3  Size effects for fabrication

The effect of size on optical fabrication is quite interesting.  There are numerous methods and plenty of shops that make production lenses to 50 mm.  Optics in the range of 50 – 500 mm are not uncommon, but they require special tooling and they are usually made as single parts, (with the exception of flats processed on a CP.)  Optics greater than 500 mm, nearly always mirrors, are in a class by themselves and there are only a few places with equipment and expertise to handle these. 

The advantage of using optics smaller than 50 mm is that there are so many of them!  There are large numbers of companies set up to make these optics with high quality at good prices.  The parts are small enough that many optics can be processed economically on a common block.  The infrastructure is in place for grinding, polishing, edging, cleaning, and coating optics of this size.  In fact, much of the processing can be totally automated. 

Things get more difficult for larger optics.  The market has not supported the development of efficient tools and processes for mass-producing optics in the 50 – 500 mm range.  In fact, each new part in this range will need a special polishing support and set of polishing tools.  These parts need to be processed one at a time, so they require significantly more labor than the small parts.  The size of these parts is such that they can use a simple support, with either a few defining points or using a compliant pad.

In addition, the metrology for these larger optics can drive the cost up.  Small optics are easily measured with test plates.  The larger optics may need to use auxiliary optics for testing.  The testing is not just for qualification, but it is an integral part of the fabrication sequence.  The optician works these optics according to the results from the optical test.

Large optics (> 50 cm) are almost always mirrors, and have other unique difficulties due to their size and surface requirements.  (For the same optical performance, a mirror surface must be four times better than a refractive surface.  A reflected wavefront picks up errors two times those on the surface.  The errors in a refracted wavefront are n-1 times the surface error, or about half.)  For large optics, each processing and handling operation requires custom tooling.  Ray Wilson (1999) gives a good overview of manufacturing methods for very large modern telescopes.  The support for large optics becomes difficult and extremely sensitive.  Often, separate supports must be used for holding the optics during polishing than can be used for testing.  The polishing forces from large laps can be substantial and must be resisted by the support.  The self-weight deflection of large mirrors alone will quickly dominate the shape if it is not accommodated in the support.

The sheer size of large mirrors presents a challenge.  The opticians must climb out onto the optical surface to clean and inspect a large mirror.  Every handling operation must be carefully thought out and all of the tooling must be tested before it can be used safely.  Unlike picking up small optics, large optics are extremely heavy.  The forces are large, and the parts are extremely valuable, so all efforts to make sure every operation is completely safe are justified.

It is much more difficult to estimate the costs for large optics than for small one because of the difficulties with large optics and the fact that each one is special.  Large optics are only processed in a limited number of shops, so the costs will often depend on the current workload in the shop as much as it will on the technical difficulties.  The best advice here is to plan ahead, and to design for optics that are identical to others already in production.  Much of the cost for large optics is in the equipment, so considerable savings can be made by using existing tooling.  A good example is the lightweight mirrors made at the University of Arizona.  Figure 16 shows a primary mirror blank that is 8.4 meters across, which will be used as one of the twin telescopes in the Large Binocular Telescope.  A large fraction of the cost of this mirror is due to the engineering and fabrication of all of the equipment to process and handle this glass.  Much of this equipment is specifically designed for this mirror and could not be used for an optic with a different shape.  
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Figure 16.  8.4-m diameter, ƒ/1.1 primary mirror blank for the Large Binocular Telescope.  This optic, the largest in the world, requires considerable engineering and tooling to support each operation in the shop.  This image shows the backside of the honeycomb mirror as it is supported vertically in the shop. Photo by: Lori Stiles.

4.4  Fabrication issues relating to material properties

The choice of material clearly influences the method of fabrication and the selection of the appropriate shop.  There is not a wide variation for making optical elements from most of the optical glasses.  Some glasses stain, and require specific polishing compounds.  Others are relatively hard and require more time for processing.  However, these are not large issues.  The choice of glass will affect cost directly by the purchase price of the glass itself.

The big differences come from more exotic materials, such as crystals and special metals.  Some of these materials are extremely useful in optical systems, but their material properties make them difficult and expensive to fabricate.  (Sumner 1978, Musikant 1985).  The most important material properties for the fabricator are:

· coefficient of thermal expansion, CTE, which will drive blocking and thermal requirements

· thermal conductivity (or diffusivity) which will define the thermal time constant and potential for thermal shock. 

· hardness or softness, which will define polishing methods

· solubility, which can limit the polishing and cleaning solutions

· ductility, which will define whether the material can be diamond turned.

The best advice for difficult materials is to find a shop that specializes in processing that type of optic.  Again, it is important to talk to the potential fabricator early in the design phase because some materials will impose hard size or quality constraints that need to be incorporated from the start.  Also, you may be pleasantly surprised to find that there are better alternatives to your original the material or process.

There are steep cost curves for fabricating difficult materials that depend largely on equipment and the state of the market.  Like large optics, these markets are not large enough to have a wide selection of vendors competing for your business.  The expertise for fabricating optics from less common materials tends to be with small companies that have developed particular specialties.

A different issue is the choice of substrate material for reflective optics.  The light does not care what substrate the mirror is made of because it reflects off a coating on the surface and never goes through the mirror.  The mirror substrate can be chosen according to the operating environment.  Frequently, mirrors are made from low expansion glass because this takes an excellent polish, and it minimizes the sensitivity to thermal effects.  Mirror substrates can be procured as lightweighted structures to reduce the self-weight deformation.

5.  Conclusion

This chapter has given a summary of the most common fabrication methods in use today.  Most optics are made by modern variants on classical methods, but the highest performance optics rely on more advanced techniques.  Clearly, there are numerous fabrication methods for specialty optics that lie outside the scope of what has been presented here.

We present this information to the optical engineer to give some understanding of limitations and alternatives in the shop.  An engineer who knows the basic issues can work directly with the fabricator to design cost effective systems.  Clearly, the system cannot be optimized for either performance or cost if the fabricator is not involved in the decisions.  Remember, without the fabricator, the optical engineer would have nothing but a pile of computer printouts and some sand!
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