
Chapter 3 

Conventions and Aspheres 

3.1 Introduction  

In the last chapter you gained some familiarity with ZEMAX. In this chapter you 

will start using it. The problem assignment in Section 3.6 will walk you through an 

extensive exercise set involving the singlet from the first homework.  

* Part of that exercise will involve bending the lens, while maintaining power, to 

minimize spherical aberration.  

* You will also be using an aspheric surface to drive the spherical aberration to 

zero.  

3.2 Sign Conventions  

The prescription information fed into ZEMAX and the data for manual calculations 

will follow a specific sign convention. 

 

 

 Figure 3.1 will serve as a guide and reminder of those conventions.  



 Radius of curvature, R, and curvature, С [ = 1/R], are positive if the center of 

curvature lies to the right of the surface vertex; negative if the center is to 

the left of the vertex. 

  Shown in the figure are the front and rear principal planes. The former lies 

to the right of the first surface vertex and the separation (δ) is positive; the 

latter (δ’) is negative. 

  The effective focal length f’ (measured from the rear principle plane) is 

positive.  

 The front focal length, f, is negative.  

 The object distance (l), measured from the front principal plane, is 

negative.  

 The image distance (l'), measured from the rear principal plane, is positive. 

 A ray angle is positive if it has an upward slope; negative if downward.  

 

3.3 Shape Factor  

Figure 3.2 shows five lenses, all of which have the same focal length or power. 

The shape of the lens is defined by the shape factor, X. It is defined as: 

 

 

An equi-biconvex lens has a zero shape factor. A plano-convex lens has a -1 shape  



factor  while a convex-plano lens is +1. In the exercise, the lens shape will be 

changed, and the amount of spherical aberration in image space will also change.  

Also note that the principal planes will shift position relative to the lens for 

different bendings. 

 

3.4 Surface Sag 

An important property of an optical surface is surface sag, which is illustrated in  

Figure 3.3. 

 

 

 

 In optical shops, the radii of curvatures specified in your design will be verified by 

measuring their sags (using a device called a spherometer). Sag will also show up 

in our discussion on aspheric surfaces.  

The exact definition of sag is: 

 



 

After taking a binomial expansion and keeping the first two terms: 

 

 

 

Equation 3.5 is the parabolic approximation of the sag of a sphere. 

3.5 Aspheric Surfaces 

All of the optical surfaces we have dealt with thus far have been either flat or  

spherical.  

We must now enter the realm of aspherics.  

Such optics play a very important role in optical systems. For example,  

 Almost all reflective astronomical telescopes have at least one aspheric 

component, either on the primary or secondary. In most cases both 

components are aspheric.  

 Closer to earth, the Kodak disc camera uses injection-molded glass 

elements, some of which are aspheric.  



 The primary reason for using aspheric components is to eliminate spherical 

aberration (especially when there is a constraint on the number of optical 

surfaces and indices allowed). 

Question:  Why most designers still prefer to use spherical rather than aspher  

ical surfaces.  

Answer: The reason has more to do with fabrication issues than anything else. 

 Aspherics are much harder to make and measure. 

  More time and skill are required of the optician and metrologist, thereby 

driving up costs. 

  Consequently, the use of aspherics is limited to cases where 

              (a) there is no other way, or  

             (b) a trade-off study has shown it to be cost effective in the long run. 

 Finally, it should be noted that the  

 use of an aspheric does not change any of the first order design 

characteristics (cardinal points). All paraxial data remains the same.  

 The modification made to an optical surface designating it as aspheric is the  

presence of the conic constant. We will begin by deriving the standard form  

employed in geometrical optics. Consider the diagrams in Figure 3.4.  

 



On the left we have a circle concentric with the origin of the coordinate system. 

The equation describing the circle is: 

 

Now we translate the coordinate system as shown on the right. The origin of the 

coordinate system is now coincident with the vertex of the optical surface. The 

equation for this translated circle is given by: 

 

The region of the surface we are interested in is the darkened arc passing 

through the vertex.  

The equation describing a conic asphere is given by: 

 

 

We now use the quadratic equation to solve Equation 3.8 for z (where 

 

 



 

 

 

 

Note that the first term is simply the approximate sag of a spherical surface (as 

per Equation 3.5). The higher order terms represent the aparabolic departure. 

The particular aspheric associated with various values of the conic constant are 

shown in Figure 3.5 and tabulated in Table 3.1. 



 

 

 The image of very distant source (e.g., a star) contains spherical aberration 

when its light is reflected from a spherical mirror. This reduces the detail in the 

image.  

 A parabolic mirror, on the other hand, introduces no spherical aberration.  

Imagery is sharper. 

  In the classical Cassegrain telescope, the primary mirror is parabolic. The 

secondary mirror is also aspheric and hyperbolic. A hyperbola has two foci. As 

illustrated in Figure 3.6, a ray directed toward the focus behind a hyperbolic 

reflector will be redirected toward the primed focus. 

  In the Cassegrain telescope configuration, the parabolic focus coincides with 

the hyperbolic focus FH as shown in Figure 3.7. 

 



 
 

3.6 Departure From Sphere 

As a designer you must have a good feel for the manufacturability and 

metrology of your optics. It may be the best diffraction-limited design ever but 

if it can not be built what's the point. Also, it may prove difficult, or impossible, 

to align and test. Meeting spec is not the only criteria of a good design. 

Consequently, when aspherics are employed, be mindful of the fabrication and 

testing issues that arise, as well as the added costs and increased delivery 

times such surfaces usually entail. When discussing an aspheric design with 

people in the optics shop, be prepared to provide information on how far the 

aspheric surface departs from a spherical surface at full aperture (or marginal 

ray height). This is illustrated in Figure 3.8.  

 
 

 

The mathematical description of a spherical surface, Equation 3.7, can be  

recast into an expansion as was done for the aspheric surface in Equation 3.12.  

(The form can be quickly obtained by setting P = 1 in Equation 3.12.) 



 
Of interest is the difference between Equation 3.13 and Equation 3.12 which,  

is the departure from sphere: 

 

 
This is a significant departure from sphere and means that a null lens (Chapter 

35) would have to be designed to test this parabola interferometrically at its 

center of curvature. 

 


