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Abstract


This report gives a synopsis of a published paper [1], entitled “An easy way to relate optical element motion to system pointing stability” by Dr. J. H. Burge. Key results of the paper and their potential applications are summarized in this report. This paper presents an easy way to analyze the sensitivity of optical systems to element motion, as compared with the ray trace matrix method described in another paper.

Introduction

The sensitivity of optical systems to motion or vibration of an optical component used in the systems, such as lenses, mirrors, and prisms, is extremely important for performances of the optical systems. Some commercial optical design software that is based on an accurate ray trace simulation can provide complete computer simulation for analyzing the sensitivity of an optical system to mechanical motion of the optical components used in the system. It provides engineers with a powerful solution to mechanical system design, allowing the construction of an error budget and tolerance analysis. However, optical design software usually needs complicated computation for a complete simulation, and it may not provide one with physical insight to the problem associated with the optical sensitivity of a system, because it is usually embedded in the optical design code behind software interface. This paper presents a simple method to determine these sensitivities using a few hand calculations without complicated computer simulation. However, the simple hand calculations can be very helpful with engineers for troubleshooting in the field, because it allows engineers to quickly determine the coupling between motion of an optical element and the optical performance of systems without optical design software. Those optical systems operating in the field include optical imaging systems for astronomical observation, photo-lithography, photographic metrology, airborne remote sensing, or laser pointing systems for rangefindering, laser designation, laser guiding for precise weapons. In addition, the simple method presented in this paper is also valuable for graduate students or engineers/scientists in other research areas who are studying mechanical engineering. It can provide them with great help for understanding the insight to the problems caused by the coupling between motion of an optical element and the optical performance of systems. 

Analysis and results
This paper uses the paraxial, or first-order behavior of an optical element/system and the concept of the optical invariant to analyze its sensitivity to motion of an element in the system. The first order behavior of various optical elements/system has been described in detail. Generally, a perturbed element will cause a combination of lateral shift and angular deviation of output rays. The lateral shift and/or angular deviation of output rays will result in image motion in an optical system.

For a thin lens, there is no first order effect of lens tilting, but lateral translation of a thin lens will cause a constant angular deviation for every ray across the lens in the first order approximation, which is proportional to the lateral displacement, and is inverse proportional to the focal length of the lens.  A mirror has the same sensitivity to lateral displacement as a thin lens, but it also is very sensitive to tilt. Tilting mirrors will double the deviated angle in the transmitted light, and it is independent of the focal length of the mirror, regardless of a flat mirror or curved mirrors. But the angular deviation for a laterally shifted mirror is dependent of the focal length of the mirror, just like a thin lens. A thick lens can be thought as a combination of a thin lens and a plane parallel plate. Tilt of a plane parallel plate causes a lateral deviation that depends on the thickness and refractive index of the plate, but the lateral translation of the plate has no optical effect.
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Although the effect of motion of an optical system that consists of a set of optical elements is more complicated, but it can also be treated by using its principal planes/points and decomposing general motions into a combination of pure lateral translation and rotation about the front principal point.  Pure lateral translation of an optical system has a similar effect as a thin lens. It cause an angular deviation of light ray emitted from the rear principal point of the system, which is proportional to the lateral displacement and is inverse proportional to the effective focal length of the system.  Pure rotation about the front principal point of an optical system has a similar effect as a parallel plate. It causes a lateral shift, which is proportional to the rotation angle and the distance between two principal points. Rotation about an arbitrary point can be evaluated as a linear combination of translation and rotation about the principal point. 
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Figure 3 shows the optical invariant that is used to derive the resulting effect of element motion on image motion in an optical system. It is based on the relationships between optical element motion and the light ray. Once angular deviation and lateral deviation induced by motion of an element are evaluated, the total image shift induced by the element is a linear sum of the changes in both angular deviation and lateral deviation for light immediately after the element, which is independent of the size of the stop. For almost all cases the effects of angular deviation of the light will dominate the image shift, and the effect of lateral shift is usually small. If ignoring the effect of lateral shift on image motion, the image motion is proportional to the angular deviation induced by the element motion. This relationship is very simple, requiring only knowledge of the size of the “beam footprint” and the final focal ratio. 
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There is another paper presenting a way to analyze the sensitivity of position errors (de-centering) and orientation errors (tilting) of optical elements to optical systems by using ray trace matrix [2]. The most common ray trace matrix formalism is the 2x2 or ABCD matrix that describes how a ray height and angle changes through an optical element or system, as shown in Figure 4. Siegman’s LASERS book described a 3x3 ray matrix to add the capability for tilt addition and off-axis elements, which is shown in Figure 4. 
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However, this paper [2] uses a 4x4 transformation matrix to do the error analysis, in which an error matrix that describes the position errors (de-centering) and orientation errors (tilting) of optical elements was introduced to analyze their effects on ray’s path. The reflection and refraction laws of optics are formulated in the language of transformation matrix. By using this technique, the paths of rays through optical elements and systems can be traced and expressed in terms of the errors of optical elements. Figure 5 shows the transform matrix that includes the translation error 
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. Thus, the sensitivity of errors of each element to system’s performance can be evaluated. Obviously, this ray matrix method is much more complicated than the method in Ref [1].

Conclusion


The use of first-order optics of an optical element/system and the concept of optical invariant has derived a simple set of rules that allow one to quickly determine the coupling between motion of an optical element and a change in the system line of sight, which presents an easy way to analyze its sensitivity to motion of an element in the system, as compared with the complicated ray matrix method described in another paper.
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Figure 1. First order effects of a lens (left) and a powered mirror (right) on tilt and lateral translation.





Figure 2. First order effects of an optical system on lateral translation and tilt.





Figure 3. Use optical invariant to derive image motion induced by motion of element i.
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Figure 5. Transform matrix expressed in terms of position and deviations used in [2]. Trans and Rot are translation and rotation operators.





Figure 4. Matrix formalism for tracing rays through optical elements and systems.
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