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Abstract:

This synopsis discussed the specifications of diamond machined optical components with special emphasis on manufacturing consideration.  The specifications are divided into several topics, like diamond machinable materials, surface figure, surface finish and etc.

1. Introduction

Diamond turning or single point diamond machining has become an attractive method for producing optical surfaces in production quantities.  Developments in machine tool design, control systems and measurement techniques have made possible the routine use of diamond machined surfaces in infrared systems.  The continuing advance in these technologies gives rise to the expectation of using diamond machined optics in the visible wavelength region.

In diamond turning, a diamond point is used as the cutting tool in a numerically controlled lathe.  The workpiece is typically pulled onto a vacuum chuck, whose surface is itself diamond turned to match the rear surface of the lens to within a few fringes.  The spindle rotates with extreme precision, typically using air bearings.  The tool moves under computer control and its movements are monitored by a laser interferometer.

Diamond turning tools are usually used in IR region and some visual optics application, because the surface finish is good enough in those applications.  Another advantage of diamond turning machine offers cost and delivery advantages for aspheric surfaces.

This synopsis will review those diamond turning machine manufacturing considerations.  The following topics will be discussed:

· material consideration

· surface figure

· surface finish

· diamond machine tool
· post polishing

· final optical coating
2. Materials

Not all materials are diamond machinable.  A list of the most requested materials that are not diamond machinable are Silicon based glass and ceramics, ferrous metals (including all types of steel), beryllium, titanium, molybdenum, and nickel.  Diamond machinable materials include most non-ferrous metals, polymers, and several crystals.

2.1 Metal

The metals that have been successfully fabricated by diamond machining are aluminum alloys, brass, copper, gold, nickel, silver, tin and zinc.  Not all of these materials diamond machine equally well.  Several of metals can make optically “smooth”, and turn out to be good for diamond turning.  They are aluminum 6061, OFHC copper, electroplated copper and electroless nickel.

An important consideration in the diamond machining of metals is the proper preparation of the metal substrate so that dimensional stability will be present in the final mirror.  Along with copper, the most common material for direct on-substrate diamond machining is aluminum.  Aluminum is a preferred material for diamond machining because it is inexpensive, machines well, and has good reflectivity even uncoated.  Also, aluminum does not wear diamond tools rapidly, so production runs can be made with a minimum tool changes.  One negative consideration of using aluminum is its dimensional instability if not properly prepared.

2.2 Polymers

The most popular polymers for use in diamond machining are acetal, acrylic, nylon, polycarbonate, polystyrene.  Most of them are available in optical grades.  For polymers, the ability to machine a good surface has correlation with polymer molecular chain length and elasticity characteristics, with acrylics machining best.

2.3 Crystals

Cadmium sulfide, cadmium telluride, cesium iodide, gallium arsenide, germanium, lithium niobate, potassium bromide, potassium dihydrogen phosphate (KDP), silicon, tellurium dioxide, zinc selenide, and zinc sulfide are common IR crystal that are diamond machinable.  Generally, the single crystal materials will machine to better surface textures than those machined from polycrystalline blanks.

Germanium is the most common of the IR crystal, which are diamond machined.  Surface finishes produced on this material are better than any other material, including metals and polymers.  Zinc sulfide has become of great interest since it transmits from 0.4 to 12.0 microns and is diamond machinable.  Zinc sulfide is widely used for the construction of transmissive null optics for the testing of reflecting optical surfaces.  Zinc selenide does not machine as well as zinc sulfide.  Silicon is diamond machinable, but it is also very abrasive and results in abnormal tool wear.  Amtir 3, which is one of the chalcogenide glasses machines quite well; Amtir 1 and cadmium telluride are subject to edge chipping and are easily scratched.

3. Surface Figure

One advantages of diamond machining is that it allows fabrication of aspheric optical surfaces.  Diamond machined surfaces can have greater degrees of asphericity than surfaces manufactured by conventional means.  The specifications of radius of curvature, irregularity, aspheric figure and surface finish are discussed in the following sections.

3.1 Radius of Curvature

Tolerance of ±0.05% for radius curvature is typical for the first generation diamond turning machine tools.  Relatively short radii can generally be held to close limits with spherometers, par-focal microscope measurements, or interferometric means.  Long radii (greater than 2 meters) are not usually known to great accuracies.  Errors may be in the order of 1.0-0.1%.

3.2 Irregularity

Irregularity refers to the height of local departures from figure.  Traditionally the value for irregularity was held to ¼ the power specification and is therefore given in waves or fringes.

3.3 Aspheric Figure

The geometrical description of the surface must be rotationally symmetric.  The component may be an off-axis section provided its generating curve has rotational symmetry.  The limits imposed on permissible surface geometries by diamond machining are

· Geometrical description of the surface must be rotationally symmetric.  The component may be an off-axis section provided its generating curve has rotational symmetry.  An exception to this rule is the cylinder with elliptic cross-section produced by a flycutter-style machine tool.

· The components size must be within the limits of slide travels and swing of the machine tool. 

The usual surfaces that have been diamond machined are

· Generalized aspheres with spherical, conic, even and odd polynomial terms

· Non circular cross-sectional torroids

· Concave and convex cylinders and axicons

· Fresnel (curved or straight), echelle, and grating type surfaces

· Surface defined by splines and differential equations

There are many ways to specify surface geometries.  In general, it is the best to express the surface shape by a closed-form equation of the radial variable such as:
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                     K: conic constant

A1, A2, A3, A4: higher order coefficients

The surface equation should be stated on the drawing since sign conventions and symbolism vary between optical designers.  A partial table of sagitta values, on the drawing is useful as a reference.

The tolerancing of a surface’s geometry is a function of that component’s effect on the optical system and must be defined by the optical designer.  It is customary to tolerance aspherics by defining a permissible zone of error (figure error) about the nominal surface.  This is done by specifying surface distortion in fractions of wavelength, either in peak-to-valley or root-mean-squared (rms) deviation.

Another common tolerance applied to surface geometry is permissible gradient error.  This tolerance is specified as an angular tolerance and controls the maximum slope departure from the specified form.  This tolerance is often expressed in units of wavelength per inches, wavelength perm, arc seconds or microradians.  For diamond machined components, this error is applied only to macroscopic surface form errors and not to the residual tool marks.  Tool mark microtopology characteristics are controlled by a separate surface texture specification.

4. Surface Finish

All diamond machined surfaces have residual tool marks.  However, it is not common to specify the surface finish as 20/10 or 60/40, which refers to the scratch and dig surface imperfections permitted on the conventionally polished surface.  To specify the surface finish or roughness that is tolerable on a diamond machined optic, it is necessary to quantify the acceptable level in terms of either rms surface roughness or the percentage of scattered light.

Surface roughness can be measured by either contacting or non-contacting profilometers, and the scatter is calculated from the following relationship:
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is the wavelength.

The direct measures of scatter are TIS (integrating spheres) and BRDF measurements.  Usually, the direct measurement of scatter is not as common as the measure of surface roughness.

5. Diamond Machine Tools

Rank Pneumo MSG 325 and the Moore Special Tool M-18 are the first generation diamond machines, and Rank Pneumo Nanoform 600 and Cranfield Precision Nanacentre are the second generation machines.  A comparison of these machines and their capabilities in terms of figure and finish are given in the following table.  These data is for a 3 in diameter aluminimum with 10” radius of curvature.  These values are approximate and should not be taken as distinct limits without more detailed discussion with the diamond machining subcontractor.

	Gen. I Machines
	Figure P-V @ 632nm
	Finish 
[image: image7.wmf]Å Ra

	Rank Pneumo MSG 325
	0.4
	150

	Moore Special Tool M-18
	0.4
	150

	Gen. II Machines
	
	

	Rank Pneumo Nanoform 600
	0.16
	20

	Cranfield Precision Nanacentre
	0.16
	50


6. Post Polishing

Post polishing is the process of loose abrasive working of the surface to improve either or both figure and finish beyond what the diamond machine tool can produce.  Most often the figure accuracy produced by the machine is adequate and only the finish must be improved to minimize scatter in the shorter wavelengths.  In other cases, the optician must perform the laborious task of many iterations between the polishing bench, the interferometer, and the profilometer until finish and figure goals are achieved.

7. Final Optical Coating

For transmissive optics, standard or high efficiency anti-reflective evaporative coatings can be applied in the same manner as conventionally polished optics.  Residual reflections can be held to 0.2% to 0.3%.  Total transmission can be specified as a minimum over a spectral band or as an average over the bandwidth.

For reflective optics, the most common coatings are protected metal.  Platings are sometimes used instead of evaporated coating.  Either Aluminum, silver, or gold are chosen based on the bandwidth of interest.
For application from 0.6 microns to the far infrared, an electrolytic gold plate may very well be a good choice for final coat.  Electrolytic gold is hard and durable and does not require an over-coat.
8. Conclusion
The demand of diamond turning is increasing due to its increased accuracies and cost/delivery advantages.  Diamond turning machine can work with a wide range of materials, like metals, polymers and optical crystals.  It can also provide smooth “optical” finish.  The surface roughness by diamond turning can achieve a few nanometers for some materials.  For IR application, this surface finish is good enough in most applications.  Another advantage of diamond turning technique is that it can manufacture the aspheric surfaces with rotational symmetry, on-axis or off-axis.  The aspheric surface described as higher order polynomials can have up to 20th order coefficients.  Diamond turned surface can also have the optical coating as the conventionally polished optics.
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