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Preface

Molded optics are currently being utilized in a wide variety of fields and applications. While in existence for almost one hundred years, advances in materials, machining capabilities, process control, and test equipment have spurred their increased use and acceptance in the past decade. The current desire for smaller, highly integrated, and more versatile products leads many engineers to consider them. Spanning the wavelength range from the visible to the infrared, they can be found in consumer electronics, medical devices, illumination systems, and military equipment, as well as a host of other products.

Molded optics provide designers with additional freedoms that can be used to reduce the cost, improve the performance, and expand the capabilities of the systems they develop. The use of aspheric and diffractive surfaces, which they lend themselves well to, has now become commonplace. The ability to reduce element count, integrate features, and provide for repeatable high-volume production will continue to keep molded optics in the trade space of many designs.

This book provides information on both the design and manufacture of molded optics. Based on the belief that an understanding of the manufacturing process is necessary to developing cost-effective, producible designs, manufacturing methods are described in extensive detail. Design guidelines, trade-offs, and best practices are also discussed, as is testing of several of their critical parameters. Additionally, two topics that often arise when designing with molded optics, mitigating stray light in systems employing them and mating such systems to the eye, are covered.

The authors, all experts in their particular areas, were selected based on both their knowledge and real-world experience, as well as their ability to transfer their understanding to others. I believe that they have succeeded in creating a work that will provide readers with information that will directly improve their ability to develop systems employing molded optics. Writing a text such as this takes considerable work, dedication, and time, and I thank the authors for their labors. Hours spent on the computer could well have been spent with family and friends, so it is no surprise that we dedicate this text to our spouses, children, and pets.

Mike Schaub

Tucson, Arizona
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1_2 Introduction

The field of optical design can be considered a subset of the larger optical engineering discipline. Previously the domain of a relatively few, highly specialized individuals, optical design is now being performed by a wide range of persons, who may or may not have had a significant amount of optical training. This evolution in the field has resulted from a combination of the availability of powerful personal computers, affordable optical design software, and the continually increasing use of optical technologies, including molded optics. In this chapter we cover some basics of optical design, highlighting important aspects as they relate to molded optics. We assume that the optical design work will be performed using one of the commercially available optical design software programs. We begin by discussing optical materials, then cover first-order and geometric optics, describe the types, effects, and control of aberrations, consider two special surfaces available to molded optics, and discuss methods of tolerance analysis and performance prediction.



1.2 Optical Materials

When discussing the optical properties of a material, two characteristics are normally specified: the refractive index of the material and the variation of its refractive index with wavelength. The refractive index of the material, whose value should be quoted with respect to a particular wavelength, is the ratio of the speed of light in a vacuum to the speed of light in the optical material. Thus, the higher the index of refraction, the slower light travels in the material. As we shall see later, materials with higher refractive indices refract (bend) light more than materials with lower refractive indices.

The variation of the refractive index with wavelength, known as the dispersion of the material, is usually specified by a single value called the Abbe or V number. For the visible spectrum, the Abbe number is defined as

V=nd-1nF-nC#(1.1)

where nF,nC, and nd refer to the refractive index of the material at wavelengths of 486.1,656.3, and 587.6 nm, respectively. The lower the Abbe number of the material, the more dispersive it is, and the more the refractive index of the material varies with wavelength. Abbe numbers can also be defined for other spectral regions, such as the short-wave infrared (SWIR), as will be discussed in Chapter 6 on molded infrared optics. Materials with Abbe numbers below about fifty are referred to as flints, while materials with Abbe numbers above fifty are referred to as crowns. The dividing line between crowns and flints is somewhat arbitrary. Using the term crown or flint to describe a material alerts the designer to its relative dispersion. Because of the importance of these two quantities, index and dispersion, optical glasses are sometimes specified using a six-digit code that indicates their values. For instance, N-BK7, a common optical glass, has an index of refraction (at 587.6 nm) of 1.517 and a dispersion (using nF,nC, and nd ) of 64.2.
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FIGURE 1.1 Glass map showing common visible molded glass and plastic optic materials.



Thus, the glass may be specified as 517642, where the first three digits correspond to the glass’s index (the remainder of the index minus one, 1.517 - 1 =0.517 ) and the last three digits correspond to the dispersion (the dispersion times ten, 64.2×10=642 ). Specifying glasses in this manner allows comparison of substitute glasses from across multiple glass vendors. However, these two numbers do not encompass all properties of the glass, and care should be exercised when substituting glasses in a developed design.

In order to show the optical material choices available to the designer, it has become common for material manufacturers to create a plot with each glass represented as a point on a graph having its axes as index and dispersion. Such a plot is referred to either as a glass map or an n-V diagram, a version of which is shown in Figure 1.1, displaying a variety of moldable glass and plastic materials for the visible region. The refractive index of each material is plotted as the ordinate and the dispersion plotted as the abscissa. Note that the values along the horizontal (dispersion) axis are plotted in reverse. The data used to create this map were taken from several vendors and contain a representative sampling of commonly available moldable optical materials.

Several things are readily apparent from the glass map. First, there is a wide range of refractive index and dispersion choices available for moldable glass materials. In general, the higher the refractive index of the glass, the more dispersive it is, though there is not a strict relation between the two.Second, the optical plastics tend to have lower refractive indices than glasses of comparable dispersions. Third, there are fewer plastic optical materials available than the moldable optical glasses.

In addition to refractive index and dispersion, there are a number of other properties to consider when selecting an optical material. In general, we want the material to be highly transmissive in the spectral region we are using. We would like the material to have known, consistent properties for its change with temperature, in particular the change of index with temperature, known as dn/dt, and its expansion with temperature, known as its coefficient of thermal expansion (CTE). We want the material to be appropriately machinable, workable, and in the case of molded optics, relatively easily moldable. We also want the material to have suitable environmental resistance to the conditions it will see, whether they be thermal environments, vibration, moisture, abrasion, or chemicals. Cost, availability, resistance to staining, the ability to be coated, and lifetime stability are additional factors to consider. In many cases, all of the desired properties cannot be simultaneously met, leaving it to the designer to make the selection of the best optical material available.



1.3 Geometric Optics

Geometric optics is concerned with the propagation of light based on the concept of rays. Interpreting Fermat’s principle, light will pass through a system along a path that takes the minimum time (the path is actually mathematically stationary, but this is often the minimum). Rays are considered the paths that the light will follow, which are straight line segments within a homogeneous material. Light traveling in straight lines is familiar to anyone who has witnessed their shadow or observed a beam of light from a hole in a window covering traversing a slightly dusty room. In reality, light does not travel in perfectly straight lines, but diffracts (spreads out) as it passes through apertures. For most purposes of optical design, however, the ray approximation is sufficient to accurately calculate the passage of light through an optical system. We begin our discussion of geometric optics with the subject of first-order models, which allow us to evaluate the location and size of images created by an optical system.


1.3.1 First-Order Optics

A first-order optical model is a description of an entire optical system by a set of six points along the optical axis, known as the cardinal points. The cardinal points consist of the front and rear principal points ( P,P" ), the front and rear nodal points N,N", and the front and rear focal points F,F". As an example, the cardinal points for a convex-plano lens are shown in Figure 1.2. Also included in the figure is a ray passing through the lens. On the left side of the figure the ray is parallel to the symmetry axis of the lens.


[image: ]

FIGURE 1.2 Cardinal points of a convex-plano lens.



If planes are drawn perpendicular to the axis at the principal points, they are referred to as the principal planes, which are shown as the dashed vertical lines in the figure. The principal planes can be considered the effective locations of ray bending within the system. Even though the actual bending of the rays occurs at the surfaces of the lens, from an input/output aspect, the rays appear to bend at the principal planes. Rays input to the front of the system, parallel to the axis, appear to bend at the rear principal plane. Thus, if we extend a ray segment entering the system parallel to the axis and the corresponding ray segment exiting the system (as seen by the dashed extensions in the figure), they intersect at the rear principal plane. The principal planes (and points) are the planes (and points) of unit transverse magnification, in that a ray striking one principal plane is transferred to the other principal plane at the same height. This is true whether or not the input rays are parallel to the axis. Thus, a general ray entering the system will bend at the front principal plane, be transferred at the same height to the rear principal plane, bend at the rear principle plane, and exit the system.

While the principal points are points of unit transverse magnification, the nodal points are the points of unit angular magnification. Thus, if a ray is input to the system heading toward the front nodal point, it will exit the system appearing to emerge from the rear nodal point, with the same angle to the axis as the input ray. When the system has the same refractive index in front of and behind it, as is most often the situation, the nodal points and principal points are coincident. Unlike the case for the principal points, there are no nodal planes. Unity angular magnification only occurs for rays aimed toward the nodal points themselves.

The focal points occur at the axial location where rays, input parallel to the system axis, cross the axis after passing through the system. Such a ray, input to the front of the system, crosses the axis at the rear focal point, while a ray parallel to the axis that enters the rear of the system crosses the axis at the front focal point. Another way of viewing this is that rays entering the system that pass through the front focal point exit the system parallel to the axis. The rear focal length of the system is defined as the distance from the rear principal point to the rear focal point. The front focal length of the system is defined similarly. The power of an optical surface, which is the reciprocal of the surface’s focal length, is directly related to the index of the lens material and inversely proportional to the surface’s radius of curvature. Thus, for a given index, shorter radii surfaces have more optical power than longer radii surfaces. The power of the entire lens, which is the reciprocal of the focal length of the lens, depends upon the power of each surface and the distance between them.

The focal length of the system acts as a scaling factor for its first-order imaging properties. For instance, if the same distant object is viewed with two lenses, one with a focal length twice that of the other, the image formed by the longer focal length lens will be twice the size of that by the shorter focal length lens. Of course, if the image is captured in each case by the same size detector, the longer focal length lens will provide only half the view angle captured with the shorter focal length lens. The back focal distance of a system is the length from the last optical surface of the system to the rear focal point. This distance, which should not be confused with the focal length of the system, can be an important parameter in a design if space is needed behind the optical system for items such as fold mirrors or beamsplitters.

With a first-order optical model defined, we can compute the image location and size of any input object. For systems with the same refractive index on both sides, the image location is related to the object location through the equation

xx"=-ff"#(1.2)

where x is the distance from the front focal point to the object, x" is the distance from the rear focal point to the image, and f and f" are the front and rear focal lengths, respectively, of the system. An example of such an imaging arrangement is shown in Figure 1.3. Distances are measured from the focal points, moving to the left being negative and moving to the right positive. In the figure, the distance x is negative, while x" is positive.

To determine the size of the image, we can use the following equation:

h"=fhx=-x"hf#(1.3)



[image: ]

FIGURE 1.3 Imaging setup using a convex-plano lens.



where h is the object height, h" is the image height, and x,x", and f have the same meanings as above, and we have assumed f and f" are equal. The ratio of the image height to the object height is the magnification of the system.

For the case of an infinite object distance, direct application of the equations would yield an image location of x"=0 as well as an image height of h"=0. This would indicate that the image is located exactly at the focal point of the system. In reality, the object is at some finite distance, so the image would have some finite height and be located slightly off the focal point.

The location of the cardinal points for an optical system can be calculated using knowledge of the physical parameters of the elements contained in it. The values needed for the calculation are the radii of curvature of the optical surfaces, their locations to one another, and the refractive index of the optical materials surrounding them. We do not discuss the details of this calculation here, but refer the reader to several references.  1-4



1.3.2 Pupils and Stops

Up to this point, we have not concerned ourselves with the size of the optical elements or the beams passing through them. However, if we intend to design an actual system, we need to consider whether a given ray makes it through the system or not. This leads us to the concept of pupils and stops. There are two kinds of stops, the aperture stop and the field stop, as well as two pupils, the entrance pupil and exit pupil, in each optical system.

The stops, as their names imply, limit the size of the aperture and field angle of the system. In every optical system, there is some aperture that limits the size of the on-axis beam that can pass through the system. This aperture may be the diameter of a lens element, the edge of a flange that a lens is mounted on, or an aperture placed in the system (such as the iris in a digital camera) to intentionally limit the beam size. Whatever it may be, the aperture that limits the size of the on-axis beam through the system is known as the aperture stop, which is often referred to simply as “the stop.” The aperture stop may be buried inside the system or may be in front of or behind all the optical elements. The field stop sets a limit on the field of view of the system. That is, it sets an upper limit on the angular input of beams that form the captured image. In many cases, the field stop is the image capture device of the system itself. In digital cameras, where the image is captured by a detector, any light that falls outside the edges of the detector is not (intentionally) collected. Thus, the detector is limiting how big a field is seen by the system, making it the field stop. The term field stop is also used to describe slightly oversized apertures placed at or near intermediate images within the system. While not strictly field stops by the definition above, since they do not actually limit the field of view, these apertures can help to control stray light.

The pupils can be considered the windows into and out of the system. The pupils are simply the images of the aperture stop, viewed through all the optics between the viewer and the stop itself. Looking into the back of a camera lens, we can see an effective aperture from which all the light appears to come. This effective aperture is known as the exit pupil. Since all beams pass through the aperture stop, all beams appear to pass through its image, the exit pupil. Similarly, looking into the front of the camera lens, we see the entrance pupil, through which all beams appear to enter the system. If the aperture stop is in front of all the optical elements, the entrance pupil is located at the same position as the aperture stop (since there are no elements for the stop to be imaged through). Similarly, if the aperture stop is behind all the optical elements, the exit pupil and aperture stop are coincident.

The ratio of the focal length of a system to the diameter of its entrance pupil is an important quantity known as the F/number or F/stop, usually shown as F/#. This ratio is important in that it relates to the amount of light captured by the system, through the solid angle, as will be discussed in Chapter 3. The lower the F/# of the system, the more relative light gathering ability it has. Systems with lower F/#s, F/2 for example, are said to be faster than systems with larger F/#s, such as F/10. This term is historical in that a faster lens (lower F/#), being better at light gathering, requires the shutter on a camera to be open for less time than a slower (higher F/#) lens. Thus, the picture is taken more quickly with a “faster” lens.



1.3.3 Snell’s Law and Ray Tracing

While first-order optics allows us to calculate the location and size of an image, a critical aspect of optical design that it does not provide is a prediction of the quality of the image. By image quality, we mean how well the image represents the true characteristics of the object, such as its fine detail. To predict the image quality provided by an optical system, we turn to ray tracing.

The fundamental rule used in ray tracing is Snell’s law. This law relates the direction of a ray after an optical surface to the direction of the ray before it through the ratio of the refractive indices of the materials on each side of the surface.Snell’s law is shown below:

nsin⁡θ=n"sin⁡θ"#(1.4)

where n is the index of refraction of the material before the surface, n" is the refractive index of the material after the surface, and θ and θ" are the angles of incidence and refraction. These angles are measured with respect to the normal to the surface at the point of intersection of the ray. It should be noted that the incident ray, the refracted ray, and the surface normal all lie in a common plane.

In the case of mirrors, the index of refraction after the mirror is taken as n=-1. In this special case, we see that the magnitude of angle of incidence and refraction (actually reflection) are equal to each other. The reflected ray lies on the opposite side of the normal to the surface, at the same angle as the incident ray. As above, the incident ray, reflected (refracted) ray, and surface normal all lie in the same plane.

We previously stated that materials with higher refractive index bend light more than materials with lower refractive index. This can be shown by direct substitution into Snell’s law. Consider a ray that is incident on the boundary between air (n=1) and a planar glass surface at an angle of incidence (θ) of 45∘. If the glass has an index n" of 1.5, the angle of refraction θ" would be 28.13∘, while if the index of the glass is 1.7, the angle of refraction would be 24.58∘. Since the angle of refraction is measured with respect to the surface normal, the ray for the refractive index of 1.7 is closer to the normal than the ray for the refractive index of 1.5, and thus has been deviated further from its original direction of 45∘ to the normal. Therefore, we see that the higher-index material bends the ray more from its original direction than the lower-index material does.

If the surface where refraction occurs is not planar, but another shape, such as spherical, we can still apply Snell’s law. In the same manner as before, we determine the angle of incidence with respect to the normal to the surface (which for a spherical surface is its radius), substitute the appropriate values into Snell’s law, and determine the angle of refraction. Successive application of Snell’s law, along with the transfer of rays between optical surfaces, allows us to determine the paths of rays through an entire optical system. As a simple example, consider the ray passing through the section of a convexplano lens shown in Figure 1.4. The input ray, parallel to the axis, strikes the lens at a height of 1.75. At this location, the ray makes an angle of 35.685∘ with the normal to the surface. Applying Snell’s law, we determine that the angle of refraction is 22.59∘. Using the refracted angle, the direction of the normal, and the distance to the planar surface, we determine that the ray strikes the rear surface of the lens at a height of 1.6484 and an angle of incidence of 13.09∘. Again applying Snell’s law, we determine the refraction angle to be 20.123∘. Using this angle, the direction of the surface normal (parallel to the axis in this case), and the height of the ray at the rear surface, we can determine where the ray crosses the axis by solving for a ray height of zero. Solving, we determine a ray height of zero occurs at a distance of 4.4989 from the rear surface of the lens. We have now traced a single ray through our one-element optical system. Ray tracing calculations were previously performed manually, using log tables or basic calculators, depending on the era. Needless to say, tracing even a single ray through a multielement system took considerable effort. With modern computers, thousands of rays can be traced per second, greatly simplifying the calculations required of the optical designer.


[image: ]

FIGURE 1.4 Ray trace through a convex-plano lens.



If we were to trace multiple rays in this input beam, entering the lens at varying heights, we would find that all the rays do not pass through the same axial point, as would be predicted by first-order optics. This is due to the presence of aberrations, which are not included in our first-order model and are the subject of the next section.




1.4 Aberrations

Aberrations are deviations from the perfect imagery predicted by first-order optics. We can consider aberrations to fall into one of two general categories: those that result in a point not being imaged to a point, and those that result in a point being imaged to a point in the incorrect location. Examples of the first type are spherical aberration, coma, and astigmatism, while examples of the second type are Petzval curvature and distortion.

Aberrations are a direct result of the nonlinearity of Snell’s law, along with an optical surface’s shape and location within the optical system. The surface’s shape, as well as its distance from the aperture stop, determines the angles of incidence for the rays striking it. By adjusting the angles of incidence, we can control how large or small the surface’s aberration contribution is. The amount of each aberration also varies as a function of the entrance pupil diameter or the field angle of the system. We now briefly discuss each of the aberrations mentioned, along with methods of controlling them.


1.4.1 Spherical Aberration

Spherical aberration is the variation in focus position of a ray as a function of its radial distance from the center of the entrance pupil. This is illustrated in Figure 1.5, which shows a collimated input beam passing through a convex plano lens. The rays striking the outer portion of the lens cross the axis closer to the rear surface than rays striking the lens near its center. The lens surfaces, spherical at the front and planar at the rear, refract each of the rays in the input beam according to Snell’s law. For this lens, the rays near the edge of the lens are refracted more sharply than is needed for them to come to a focus position coincident with the rays in the center, a condition referred to as under corrected spherical aberration.


[image: ]

FIGURE 1.5 Convex-plano lens exhibiting spherical aberration.



The magnitude of the spherical aberration is measured as the lateral distance, at the image plane, between a ray from the edge and the center of the pupil. The amount of spherical aberration depends upon the third power of the pupil diameter, but is independent of the field angle. Thus, operating a system at twice its original pupil diameter will result in an eightfold increase in spherical aberration, with the aberration being a constant value over the field of view. Conversely, reducing the aperture stop size (and thus the pupil size), known as stopping down the system, will reduce the spherical aberration. Control of spherical aberration can be achieved by several methods. The most common method is “bending” the lens, which is adjusting the radii of the two surfaces while maintaining the overall power of the element. In the case of the lens shown in Figure 1.5, reducing the spherical aberration by this method would result in a longer radius of curvature for the front surface and a convex radius (positive power) for the second surface. By increasing the radius of the front surface, the angles of incidence of the rays are decreased, reducing the spherical aberration contribution of the surface. Adding power to the rear surface maintains the focal length of the element, but increases the angles of incidence on it and its spherical aberration contribution. However, the magnitude of the increase at the rear surface is not as great as the decrease in the front surface contribution, resulting in an overall reduction in the spherical aberration of the element.

Another method of reducing spherical aberration is to “split” the element into two elements whose combined power is the same as that of the original lens. Splitting the lens allows longer radii of curvature for each of the surfaces, reducing the angles of incidence of the rays, and decreasing the associated surface spherical aberration contributions. Of course, splitting a lens requires the introduction of an additional element, which may have negative impacts on cost, space, and weight.

A third method of reducing spherical aberration is to fabricate the element from a higher refractive index material. Selection of a higher-index material allows longer radii for a given power, which again reduces the angles of incidence and the associated spherical aberration contribution. For molded plastic optics, selection of a higher-index material may not be possible due to the limited material choices. For molded glass optics, higher refractive index materials are generally available. It should be noted that higher refractive index glasses tend to be more expensive, as well as denser, than lower-index materials. This trade on cost and weight needs to be evaluated during the design process.

The final method of controlling spherical aberration we discuss is the use of an aspheric surface. Unlike spherical surfaces, which have a single curvature based on their radius, the curvature of an aspheric surface can be defined as a function of surface position. This allows, within reason, the surface to be tailored to provide the correct angles of incidence to eliminate spherical aberration. As we shall see later, changing from a spherical to an aspheric surface for the lens of Figure 1.5 allows removal of the spherical aberration of the element.



1.4.2 Coma

Coma is a variation in magnification as a function of ray position in the pupil. We previously defined magnification as the ratio of the image height to the object height. In the presence of coma, rays from a given point on the object enter the pupil at various locations and then produce image heights of different values. Thus, the point on the object is not imaged to a point, but to a blur whose size is related to the variation in the magnification. An example of coma is shown in Figure 1.6, where rays from the edges and center of the pupil, which is located at the front lens surface, strike the image plane at differing heights. In this figure we have moved the image plane to the location where the rays at the edge of the pupil intersect. Coma has the interesting property that rays from annular rings in the pupil form circles on the image plane. The larger the diameter of the annular pupil ring, the larger the image plane circle, resulting in a series of circles at the image plane that ultimately form a cometlike image, which is the basis for the name of the aberration.
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FIGURE 1.6 Convex-plano lens exhibiting coma.



Coma depends upon the square of the diameter of the pupil and is linearly dependent on the field. Thus, the image degradation grows as we move away from the axis of the system. Coma can be controlled in several ways. The first method is the use of symmetry. If the optical system is symmetric about the aperture stop, the contributions of coma from the elements in front of the stop will be opposite to those from the elements behind the stop. Making a system perfectly symmetric about the stop is not common, but a high degree of symmetry is often seen in systems such as camera lenses. Another method of controlling coma is to adjust the location of the aperture stop relative to the lens elements. Changing the location of the aperture stop changes the location on the lenses that beams forming the off-axis image points strike. By adjusting the location of the beams on a surface, we change the angles of incidence of the beam, which changes the surface’s aberration contribution. A final method of controlling coma is the use of aspheric surfaces, which again allow adjustment of the surface as a function of its height, and therefore adjustment of the angles of incidence and amount of aberration introduced.



1.4.3 Astigmatism


[image: ]

FIGURE 1.7 Astigmatism, with meridional rays shown in side view (above) and sagittal rays shown in top view (below).



Astigmatism is the variation in focus for rays in two orthogonal planes through the optical system, as shown in Figure 1.7. One plane, known as the meridional plane, is a plane of bilateral symmetry of the system and is the plane of the drawing in Figure 1.6, containing rays from the top and bottom of the pupil. The rays for this plane are shown in the top of Figure 1.7. The other plane, the sagittal plane, contains the rays from the left and right of the pupil and is perpendicular to the drawing in Figure 1.6. These rays are shown in the bottom of Figure 1.7, which is a top view of the lens. At each of the two focus locations, meridional and sagittal, the rays form a line segment, due to the set from one plane being in focus and the set from the other plane being out of focus. In between these two focus positions the rays form an elliptical spot, with the ellipse degenerating to a circular spot midway between. The image plane in the figure has been positioned midway between the focus of the meridional and sagittal rays.

Astigmatism depends linearly on the pupil diameter and with the square of the field. This aberration arises because the meridional and sagittal beam widths are different for a beam striking a surface off axis. The two beam widths thus see different angles of incidence and are refracted by different amounts. Astigmatism can be controlled by adjusting the shape of the surfaces, as well as their location in relation to the aperture stop of the system. It can also be controlled through the use of aspheric surfaces.
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FIGURE 1.8 Ideal image surface for a positive lens, showing Petzval curvature.





1.4.4 Petzval Curvature

Petzval curvature refers to the curvature of the ideal image surface for a powered element, as shown in Figure 1.8. For a positive lens the ideal image surface curves inward toward the lens, while the opposite is true for a negative lens. The amount of Petzval curvature depends linearly on the power of the element and inversely on its refractive index. Petzval curvature, unlike the aberrations previously discussed, does not directly blur the image of a point. The image of a point object in the presence of Petzval curvature is still a point, provided that the image is evaluated on a curved image surface. If we were to evaluate the image of point sources at varying heights on a planar image surface coincident with the on-axis focus location, we would find that the points are increasingly blurred as we move to larger image heights. This results from the evaluation taking place further and further from the ideal curved image surface. In most imaging applications we do not use a curved image surface, but instead use a flat surface such as a detector. This requires us to control the amount of Petzval curvature in order to obtain an acceptable image. As Petzval curvature is related to the power and index of each optical element, the control of this aberration can be achieved by using a combination of elements of both positive and negative powers, along with proper selection of their refractive index values.
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FIGURE 1.9 Images of points on a square for barrel (left) and pincushion (right) distortion.





1.4.5 Distortion

Distortion is likely the aberration that most people are familiar with. The effect of distortion can easily be seen in images produced by very wide-angle lenses. In these images, straight lines in the object are increasingly curved the farther out they are from the center of the image. Distortion does not blur the image of a point. Instead, distortion changes the location of a point’s image relative to the location predicted by first-order optics. The amount of distortion is usually quoted as a percentage, as a function of the field of view. The percent distortion is calculated as the difference between the real and first-order image heights, divided by the first-order image height. The percentage of distortion varies as the square of the field.

The effect of distortion, as mentioned above, is the curving of straight lines. The direction of curving, inward or outward, depends on the sign of the distortion. Negative distortion curves the edges of the lines inward relative to their center, resulting in a barrel shape, while positive distortion curves the edges of the lines outward, resulting in a pincushion shape. These shapes, the distorted images of points on a square object, are displayed in Figure 1.9, where the magnitude of the distortion at the edges of the images is about 15%. Like coma, distortion can be controlled through the use of symmetry about the stop. The distortion produced by an element is related to its distance from the aperture stop, so adjustment of this relationship can also be used to control distortion. Additionally, aspheric surfaces can be used in the control of distortion.



1.4.6 Axial Color

There are two basic aberrations related to the dispersion of optical materials. These are axial color, discussed here, and lateral color, discussed in the next section. These chromatic aberrations, as they are called, can be thought of as variations in the first-order properties of the optical system as a function of wavelength. We previously discussed that the focal length (or inversely power) of an optical element depends in part on the refractive index of the material it is made of. We have also discussed the dispersion of optical materials, that is, their change in refractive index with wavelength. Since the focal length depends on the refractive index and the refractive index changes value with wavelength, it makes sense that the focal length would change value with wavelength.


[image: ]

FIGURE 1.10 Exaggerated depiction of axial color, with blue (dashed) and red (solid) rays shown.



The result of this change with wavelength is axial color (sometimes called longitudinal color), which is the condition where different colors (wavelengths) come to focus at different points along the axis of the system. An exaggerated example of this is displayed in Figure 1.10, where the dashed rays after the front lens surface represent blue light and the solid rays after the front lens surface represent red light. In general, the refractive index of optical materials gets higher for shorter wavelengths (toward the blue end of the visible) and decreases for longer wavelengths (toward the red end of the visible). This results in a shorter focal length for blue light than for red light. Thus, the blue light focuses closer to the lens than the red light, as seen in the figure. The amount of longitudinal (axial) separation of the blue and red light depends inversely upon the dispersion of the lens material (the V number) and directly with the focal length of the lens.

Control of axial color can be achieved by combining elements of positive and negative power. A negative element has the opposite sign of axial color from that of a positive element. An example of a simple optical system that is corrected for axial color is an achromatic doublet. This system consists of two lenses, one positive and one negative, whose axial color contributions cancel each other. Because the axial color contribution of a lens depends on both its power and material dispersion, there are a number of combinations of lens powers and materials that can be paired in the doublet to correct axial color. The basic equation for achieving axial color correction with two lenses (thin lenses in contact with each other) is

ϕ1V1+ϕ2V2=0#(1.5)

where ϕ1 is the power of the first element, ϕ2 is the power of the second element, and V1 and V2 are the dispersions of the two lens materials.

The simplest case of correcting axial color would consist of making two lenses of the same material, of equal and opposite power. This would provide axial color correction, but the powers of the two lenses would also cancel, providing no focusing. The doublet would essentially be a window. Thus, in order to make a doublet with a finite focal length, the two lenses are made of different materials and with different powers. Typically, the positive lens has more power and is made of a low-dispersion (high V number) material, while the negative lens has less power and is made of a high-dispersion (low V number) material. The difference in powers results in an overall positive system power, while the sum of the ratios of the powers and dispersions equals zero, resulting in correction of axial color. The use of different dispersion materials in this example points to the desire of designers to have a variety of materials available to them.

We should note that correction of axial color refers to the fact that the red and blue wavelengths come together at the same focus. The green wavelength, however, is not coincident with the red and blue. This departure of the green wavelength from the red/blue focus is known as secondary color. This can be significantly more difficult to control, but typically has a much smaller value than the original red and blue separation.



1.4.7 Lateral Color

While axial color changes the focus position with wavelength, lateral color changes the image height as a function of wavelength. Lateral color, also referred to as transverse color, increases linearly with field, making it difficult to control in systems with a wide field of view. Lateral color can be observed in an image as color fringing at the edge of objects, due to the mismatch in heights between the various wavelengths. The amount of lateral color that an element introduces is related to its distance from the aperture stop. Lateral color, like coma and distortion, can be controlled through the use of symmetry. It also can be controlled by achromatizing elements (for instance, by making them doublets) or by balancing the contributions of the various elements within the system.



1.4.8 Chromatic Variation of Aberrations

While we have just discussed the main chromatic aberrations, axial and lateral color, each of the aberrations discussed before them, spherical, coma,etc., can also vary with color. For example, the variation in spherical aberration with wavelength is known as spherochromatism. This tends to be more of a second-order effect, but one that the designer must still be aware of. It would not make sense to go to the effort of correcting spherical aberration at the center of the wavelength band, but allow large changes in spherical aberration with color to degrade the image.

The amount of aberration change produced by a surface over the wavelength band is approximately equal to the amount of aberration produced at the center of the band divided by the dispersion ( V number over the band) of the material the surface is made of. It is common when designing with molded optics to utilize aspheric surfaces, which are discussed in Section 1.6.1. Using these, it is possible for a single surface to create large amounts of (desired) aberration, which can also introduce large amounts of chromatic variation of the aberration.




1.5 Optical Design with Molded Optics

Overall, the design of optical systems using molded optics is similar to the design of standard optical systems. Today, most optical design is performed on personal computers, using commercially available optical design and analysis software programs. The software is readily equipped to handle the design of systems employing molded optics. Molded optics provide additional variables, such as aspheric or diffractive surface coefficients, which can be used to optimize the performance of a design.

In general, optical design consists of developing a system that has the desired first-order optical properties and adequate performance (when built). Additionally, the design should be able to be cost-effectively manufactured in the volumes needed. For imaging systems, performance is usually tied to an image quality metric such as ensquared energy, modulation transfer function (MTF), or wavefront error, while illumination systems or other applications will have their own specific performance metrics. Broadly stated, imaging systems with any or all of the parameters of faster F/#s, larger fields, and wider wavebands make it more difficult to achieve a given performance metric value. For a given F/#, field of view, and waveband, increases in performance metric value are typically obtained by increasing the complexity of the design. This increase in complexity may result from using any, several, or all of a larger number of elements, less common materials, increasingly tight tolerances, or alternate surface forms, such as aspheres. Figures 1.11 to 1.13 show an example of performance change with complexity increase, using simulated images created with commercial optical design software. The input to the simulation is shown in Figure 1.11. The image used for the input was captured with a commercial digital camera (Nikon D90), using an F/2.8, 24 mm focal length lens. To show the performance change with system complexity, a single-element lens and a three-element lens are compared. Figure 1.12 shows the simulated image for the single-lens system, while Figure 1.13 shows the simulated image for the triplet. Both systems are operating at F/4.8, with a focal length of 24 mm. Note that this is a slower F/# than was used for taking the input image. The image quality difference is obvious between the one- and three-element systems. As expected, having a larger number of elements improves the image quality (assuming both systems can be comparably built). The single element system provides little opportunity (few variables) for aberration control across the field of view and is not color corrected. In contrast, the three-element system provides additional variables (surface radii, lens spacings, use of multiple optical materials), which allows greater aberration control. Even with these extra parameters the triplet does not provide enough aberration control for full field coverage, as blurring can be seen at the edges and corners of the image. In comparison, the lens used to capture the input image is operating at a faster F/# and provides excellent image quality over the entire field. Its complexity, however, is much greater, as it is composed of nine lens elements.


[image: ]

FIGURE 1.11 (See color insert.) Input (object) for image simulation. (Courtesy of Dr. Eric Fest.)



For a given number of elements and a defined waveband, the trade between F/# and field of view is fairly straightforward; in order to achieve a fixed performance metric value, larger fields of view require slower F/#s and faster systems require smaller fields. When using molded optics, cost may limit the number of elements that the designer can use. This may set the maximum performance that can be obtained for a given F/# and field. While the use of aspheric and diffractive surfaces can improve system performance, it may also be that their addition to the system provides less performance increase than would be obtained by simply adding another element. The trade between performance and number of elements is a common one, particularly for systems employing molded optics. The final decision on the trade is often based on cost, with customers wanting better performance, but not wanting (or being able) to pay for it, due to their cost model and product markets.



[image: ]

FIGURE 1.12 (See color insert.) Simulated image using a single-element system.
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FIGURE 1.13 (See color insert.) Simulated image using a three-element (triplet) system.



While the devil is in the details, the optical design process itself is relatively straightforward, as is described elsewhere in much greater detail.
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