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Abstract

The relentless pressure for new optical functions by both government and private industry have greatly increased the importance of aspheric surfaces.  With the high demand for implementation of aspheres into optical design, the importance of accurate surface specification, tolerancing, and manufacturing has significantly increased. This tutorial discusses the key fundamentals and applications of aspheric surfaces, as well as the guidelines and call-out procedures for their use in the manufacturing industry.

Background

The implementation of aspheres into optical design has significantly increased the importance of accurate tolerancing and testing of aspheric surfaces. Until recently, aspheres have had two principal disadvantages: cost and difficulty in replication, however, modern technology has been successful in alleviating a significant portion of these concerns.  Experience shows that aspheres are often more challenging to manufacture and incorporate into design than the conventional spherical lens because of their complex geometric shape, but provide added benefits, which make them ideal for high-precision and low-cost applications.  Many of the current high-precision designs in use today utilize spherical optics are at or near their theoretical limits of performance.  To move beyond this barrier, designers now implement aspheres, which permit new dimensions in optical performance by eliminating aberrations and distortions without added weight and size, thus fulfilling the need for an ever-increasing performance balanced with an equal desirable goal of ever smaller and lighter optics.  Because they’re vast discrepancies and shape departures as compared to that of a spherical lens, aspheres need to be specified and toleranced in a unique manner.

Definition of an Aspheric Surface

First of all, aspheric surfaces are defined in a particular way.  Where a spherical surface is defined by only one parameter, the radius of curvature of the surface, aspheric surfaces cannot be.  An asphere’s localized curvature changes across the surface and is therefore usually defined by an analytical formula, and sometimes given in the form of a sag table for coordinate points across the surface.  The most common form of an aspheric surface is a rotationally symmetric surface with the sag defined as:
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Where c is the base curvature at the vertex, k is a conic constant, r is the radial coordinate measured perpendicularly from the optical axis, and air2i are the higher-order aspheric terms.  Figure 1 on the subsequent page illustrates the departure from the aspheric surface sag to that of an ordinary sphere.  Also seen is the large degree of spherical aberration evident from the focus of the spherical vs. aspherical lens element.  Since the spherical surface has the property that the rate of change of the surface slope is exactly the same everywhere on the surface, this aberration is inevitable.  In the asphere’s case, however, the surface toward the outer periphery of the surface is gradually reduced in order to flatten the shape of the outer rays and cause them to converge at a common focus position.  As will be discussed later, while correcting for spherical aberration is not the only benefit of aspheric surfaces, it is one of the main reasons for increased application. 
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In the case where the higher-order aspheric terms are zero for Equation 1, the aspheric surface adopts the form of a rotationally symmetric conic cross section with its sag defined by the first term in the equation.  The conic constant in the formula essentially defines the surface profile, as surfaces having different conic constants can have the same radius of curvature.  Table 1 lists a range of conic constant, k, values and their associated surface types.  The particularly unique property of these conic surfaces, regardless of whether they are reflective or refractive, is that they are free of spherical aberration for one 

particular set of conjugate points. 

If the asphere is not rotationally symmetric, as described above, it is given in another form such as a bi-conic surface with two basic curvatures and two conic constants in two orthogonal directions or an anamorphic asphere, which has additional higher-order terms in two orthogonal directions.  Also, a toroid, or toric, form exists which has the effective shape of a doughnut with two radii.  

Applications and Benefits

The majority of optical systems are based on the use of spherical components because they are easier to manufacture.  However, there are cases where aspheric components have a significant advantage over spherical ones. The benefits of incorporating aspheric surfaces into modern system design, whether it is for high-performance systems or low-grade commercial products, constitutes an ever-increasing industry shift from spherical to aspherical manufactured lenses.  Some of these advantages include:

· Elimination of spherical aberration and reduction of other optical aberrations
· Replacement of a much more complex multi-lens system- resulting in a device which is smaller, lighter, and cheaper than a multi-lens design.

· Fewer optical surfaces yields higher transmission.

Aspheres are widely used for a myriad of refractive and reflective applications due to their small number of surfaces and typically large apertures.  New technology permits the utilization of increasingly complex aspheric surfaces for the cost-effective solution of optical problems and applications ranging from tiny lenses used in microlithography to the large 10-meter telescopes, or in conjunction with the strong lenses that handle the powerful laser pulses in laser fusion.  Many military and commercial aircraft applications demand aspheric surface implementation for high-precision DoD projects, Head Up Displays (HUDs), and for the high-resolution images used in flight simulators.

Today, with significant development of new plastic materials, and low-cost molding procedures, aspheric refractive optics are also making their way in the consumer industry.  Refractive aspheres are widely used in many kinds of illumination systems, from the condensers in projection systems and microscopes, to street lamps and search lightings. Aspheric lenses are also sometimes used for eyeglasses to provide clearer vision and a wider unaberrated field of view than conventional eyeglass lenses.  This offers vision superior to that of a conventional lens. They also produce a better aesthetic appearance, as they distort the viewer's less eyes as seen by other people.  
Manufacturing Techniques

Methods

Small glass or plastic aspheric lenses for can be made by molding, which allows cheap mass production.  Due to their low cost and good performance, molded aspheres are commonly used in inexpensive consumer cameras, camera phones, and CD players. They are also commonly used for laser diode collimation, and for coupling light into and out of optical fibers.  

Components which are smaller in size makes for easier molding, and optical plastics are used whenever possible to reduce manufacuring costs.  However, accurate lens shape and good thermal stability of glass aspheric lenses make them a better solution for applications where high precision is required.  Glass aspheric lenses are manufacturable in diamters smaller than 25mm, but for diameters greater than this they become too expensive for high-volume manufacturing.  

Larger aspheres can be made by diamond turning, a process in which a c omputer-controlled lathe directly cuts the desired profile into a piece of glass or another optical material. This is a slow process.  A faster and state-of-the-art technology is deterministic microgrinding, where computer-controlled grinding wheels are used to shape the aspheric profile, which is then polished to the final shape.  Lenses produced by these techniques are often those used in telescopes, projection TVs, missile guidance systems, and scientific research instruments.

Another method for producing aspheric lenses is by depositing optical resin onto a spherical lens to form a composite lens of aspherical shape.  Plasma ablation techniques have also been proposed. 

Design for Manufacturability

With and kind of optical design, there are not hard limits as to what can be made, but rather a point at which difficulty and cost to manufacture escalate rapidly.  The following section provides some common industry guidelines. 
· Size

15 to 120mm diameter preferred
 
 5 to 200mm with limitations

(If an aspheric shape is such that it can be processed out to a 15mm diameter, it may then be edged down to the desired final diameter)
· Shape- departure from best-fit sphere.  In general, any departure from the best fit sphere from 1- 2mm does not cause significant difficulty, but the following considerations are most important:

· Convex:  Minimum 10mm local radius preferred.

· Concave:  Minimum 40mm local radius preferred.
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· Maximum sag height (either convex or concave) of 12mm preferred. 
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· Monotically convex surfaces are easiest to process.
· Shapes going through an inflection point make form correction more difficult.
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The processing diameter of an aspheric lens can be 4 – 10mm larger than the finished lens; therefore, it is desirable for the aspheric shape to be “well behaved” in this regard. 



A down-turned edge can cause minor difficulty.  An up-turned edge can significantly interfere with processing.

· Flange interfering with a convex surface is bad.

· Flange cut into a surface is okay (but does add a manufacturing step). 



· Annular flats on concave surfaces are routine. 


· Surface - use even polynomials and avoid higher order terms than necessary.

· Surfaces using only a conic constant are always “well behaved”

· Avoid odd polynomials (these can be processed, but require finding a best fit, even polynomial for generating)

· Avoid using the X2 term, as it is redundant with base radius anyway.

Tolerancing Guidelines 

The tolerances to follow are only vague guidelines, since many factors come into play to determine the cost and difficulty of making any given part.  What may be a “slam dunk” for one part can be a “half court shot” for another, depending on size, shape, glass type, etc.

Avoid tight tolerances that compound difficulty.  For example, requiring a 1/10-wave accuracy, center thickness of ± .025mm, surface quality of 10-5 scratch-dig, and a difficult glass all on the same part will make for a very expensive optic.  Only specify tight tolerances when absolutely necessary. 

(See Guideline Tolerances on Table 2 on next page)

Some general notes based on Table 2 include:

· Base radius is a separate tolerance from form error since it can be focused out in most systems.  Avoid specifying a tighter radius tolerance than needed.

· Give a larger share of your “error budget” to the aspheric surface.  For example, a lens system with 7 spherical and 1 aspheric surface, calling for ¼-wave surface irregularities:  instead of specifying ¼-wave on all 8 surfaces, specify .5 microns on the asphere and 1/8-wave on the spherical surfaces.  The net tolerance is tighter and the system is more manufacturable.

· Try to use a mainstream glass (BK-7 if possible) for the aspheric element(s), as it is the easiest to implement and most cost-effective. 

· Centration vs. wedge- for spherical lenses, centration and wedge are the same thing.  This is not true for aspheres.  The aspheric surface must be VERY WELL CENTERED relative to the outside diameter.
For tolerancing aspheres, it is most important to not choose high-precision tolerances if unnecessary for the design. 

	Specification 
	Tolerance
	Difficulty
	Comment

	
	
	
	

	Form error/Irregularity
	5 microns
	Easy
	Any shape/size

	
	2 microns
	Moderate
	

	
	1 micron 
	Standard 
	Most shapes

	(Peak to valley) 
	1 wave 
	Precision
	

	
	1/2 wave
	Precision plus
	

	
	1/4 wave
	High precision
	Shape dependent

	
	1/8 wave
	Extreme precision
	Special cases only

	
	
	
	

	Base radius
(In addition to form error) *  
	5 - 10 microns
	Easy
	* Tolerance given in terms of the sag difference across the aperture.

	
	2 - 4 microns
	Standard
	

	
	1 micron
	Precision
	

	
	.5 microns
	High precision
	

	
	
	
	

	Center thickness
	± .25mm
	Easy
	

	
	± .10mm 
	Standard
	

	
	± .05mm
	Precision
	

	
	±.025mm
	High precision
	

	
	
	
	

	Diameter 
	+0 / -.2 
	Easy
	

	
	+0 / -.1
	Standard
	

	
	+0 / -.05
	Precision
	

	
	+0 / -.025
	High precision
	

	
	
	
	

	Wedge **
(ray deviation)
	5’
	Easy 
	See note concerning centration vs. wedge

	
	3’
	Standard
	

	
	2’
	Precision
	

	
	1’
	High precision
	

	
	30”
	Extreme precision
	

	
	
	
	

	Surface quality
	120/60
	Easy
	Glass type is a big factor

	
	80/50
	Standard
	

	
	60/40
	Precision
	

	
	40/20
	High precision
	

	
	20/10
	Very high precision
	



Use and Specification

The proper use of aspheric surfaces is extremely important.  This includes which surfaces to make aspheric and whether to use a conic section or, alternatively, a higher-order aspheric.  The conic sections as shown before include:  paraboloids, hyperboloids, and ellipsoids.  The higher-order terms are surface departures from conic, which are proportional to r4, r6, r8, r10 and so on.., where r is the radial distance from the optical axis.  

In deciding which surface, or surfaces, in a lens system to make aspheric, the aspheric surface departures from the base spherical surface must be computed.  If a plot of the optical path difference is plotted, a form matching the basic profile or character of the data should be identified.  Figure 8 illustrates this technique in more detail, and the base guidelines are described below.  


1.) Conic surfaces can be used for correcting third-order spherical aberration and other low-order aberrations. 

2.)  For nearly flat surface, use a r4 and higher-order terms rather than a conic.  

3.)  For somewhat curved surface, use a conic along with higher-order terms if required. 

4.)  In general, do not use both a conic and r4  surface, as they are mathematically quite similar and yield artificially large coefficients. 

5.)  Use aspherics beginning with the lower-order terms and working upward as required.  This makes testing more manageable. 

6.)  Do not use a large number of aspheric surfaces, especially with higher-order terms, in the design.  They will beat each other, and it is also a difficult and expensive task to manufacture. 

7.)  Optimize the design first using spherical surfaces, and then use the conic and/or aspheric coefficients in the final stages of optimization whenever possible.  This may help in keeping aspherics more manageable. 

It is also quite important to know how to specify an aspheric surface sufficiently enough on a drawing to convey to a shop what you want and what you actually need.  The following guidelines are most often included on an optical drawing to specify aspheric surfaces:

1.) The surface to be aspheric is labeled on the component drawing. 

2.) The equation of the surface shape is included, along with the aspheric coefficients.  A small sketch indicating nomenclature and sign convention is recommended. 

3.) A table listing the sag as a function of the radial distance from the surface vertex normal to the optical axis, r, is imperative.  A sufficient number of data points should be listed to adequately sample the surface profile.

4.) List how close the actual surface must come to the ideal design prescription.  The form of this can be “surface to match nominal surface to within four visible fringes, or 0.001mm, over CA.”

5.) Call out higher-frequency surface irregularities and/or surface finish.  

a. The higher-frequency irregularities can be called out by indicating the maximum slope departure from nominal over the surface.  

b. Surface finish is normally called out by indicating the rms surface finish, in nm. 

6.) Indicate the form of testing to be used. 

Callouts should indicate only what is functionally needed for the system to work properly.  The more callouts that are listed, the more extensive the testing will be, thus more costly the optic. 

Conclusion

Aspheric surfaces can contribute vital function to optical design, however, they must be specified and manufactured accordingly.  This tutorial provides a brief overview of asphere implementation in design, as well as some key guidelines to remember when specifying and tolerancing an asphere for manufacture.  As with all optical systems, the tighter the tolerances, the more costly and time consuming the process; this is especially the case for aspheres, and special caution must be taken due to their complex geometries.  Keep tight tolerances for high-precision optical systems, and relax tolerances for consumer applications in which high accuracy is not crucial. 
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Figure 4:  Shape through an Inflection Point
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Figure 3:  Monotonically Convex Surface
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Figure 6:  Flange interfering
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Figure 2:  Local Radius Illustration
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Figure 7:  Annular flat on Concave surface


Reference:  www.kreischer.com





Table 1:  Conic Section Types


Reference:  “Optical System Design,” pg. 118





Figure 1:  Comparison of a Spherical (a) and Aspherical (b) Surface


Reference:  “Optical System Design,” pg. 117





Figure 5:  Down vs. Up-turned Edge
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Equation 1:  Surface Sag for an Asphere


Reference:  “Optical System Design,” pg. 116





Table 2:  Tolerance Guidelines for Asphere parts
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Figure 1:  Aspheric sags from Vertex Sphere (top)


 and Best-Fist Sphere (bottom)


Reference:  “Optical System Design,” pg. 117
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