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Abstract

Over the years optical systems have become increasingly more sophisticated; the tools and techniques used to design and analyze these systems have also evolved to become more complex and specialized.  These tools are great for in depth analysis, but often prove too cumbersome to be used to get a general understanding of the optical workings of a system.  Oftentimes a paraxial first order analysis can be used to understand the “big picture” of how a set of optics works, or the first order analysis can be used as a starting point for more specialized design and analysis techniques.  In this paper we will discuss the basics of first order optics relating to imaging with lenses.  The paper shall discuss image position, orientation, and magnification.  These are the fundamental properties of optical systems, which are quick and easy to calculate but give very insightful information about optical systems.
Introduction

First order optics is an essential tool to optical engineers.  First order optical analysis is critical to any design to quickly figure out vital performance characteristics.  This tutorial will discuss the basics of first order optics relating to imaging objects with thin lenses.
First order optics deals with the fundamental behavior of optics.  It looks at the basics of optical systems, and it is only concerned with paraxial optics.  Paraxial optics uses approximations and assumptions that are only valid for rays close to the optical axis with small angles.  Paraxial optics is convenient because it avoids many complicated off-axis effects such as off-axis aberrations.  
The obvious advantage of using first order optics is that it is quick and easy to perform, and it reveals important information about a system, like where the image will be.  However, the tradeoff is that this type of analysis is that it is becomes less accurate as you move off-axis.
Paraxial Imaging Equation
When a lens is used to collect light coming from an object, it will create an image.  The size and location of the image depends on the location of the object and the focal length of the lens.  Equation 1 defines the relationship between the object distance (o), the focal length (f), and the image distance (i).  The image distance is simply the distance from the object to the thin lines.  The image distance is the distance from the thin lens to the image.  The focal length is a characteristic of the thin lens, and it specifics the distance at which parallel rays come to a focus.
Equation 1. Paraxial imaging equation.
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If the object distance is very large compared to the focal length it is considered to be at infinity.  In this case the 1/o term becomes so small that it is negligible.  The result is that the image distance is simply the focal length.  Figure 1 shows rays from a far away point object being imaged by a lens; the image of the point is formed at the focal point of the lens.
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When objects move away from infinity the image moves away from the focal point.  Figure 2 demonstrates the object-image relationship for a positive lens.  In the figure two rays are traced from the object.  One ray is travelling parallel to the optical axis, which hits the lens and is bent so that it passes through the focal point of the lens.  A second ray is travelling from the object to the center of the lens, which will pass straight through the lens.  The point at which the two points intersect is where the light comes to a focus, and that is where the image is formed.  
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Real and Virtual Images
There are two types of images: real images and virtual images.  Real images occur when light converges and comes to a focus.  An example of this is a projector.  It projects light that forms a real image on a screen.  The previous examples, Figure 1 and Figure 2 are both examples of real images.  
Virtual images are perceived images, you can see them but you cannot “touch” them.  The rays that form virtual images will never converge; therefore you cannot place a screen to image virtual images.  The rays that form these images will diverge from the image location.  This will occur if an object distance is less than the focal length of the lens.  An example of this is a magnifying glass.  The magnifying glass is used when the object is placed inside the focal length of the magnifying glass.  This creates a virtual image behind the lens (image distance is negative).  It looks like it’s a real image but you cannot touch the image or place a screen at the image plane to image it. 

Figure 3 shows a virtual image created by a magnifying glass. The first ray coming off the object travels parallel with the optical axis and is bent by the lens so that it goes through the focal point of the lens.  The second ray goes straight through the center of the lens.  These two rays will never converge.  However if there is an observer to the right of the lens the virtual image would look like a “real” image sitting behind the lens.
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Magnification & Orientation
Knowing the magnification of a system is important, because it tells you how large the image will be compared to the object.  Equation 2 defines magnification.
Equation 2. Magnification

[image: image8.png]image height

object height




The relationship between image size and object size can been seen if you draw a chief ray from the object to the image. In Figure 4 it shows that the object and image forms similar triangles.  Therefore the object to image distance is proportional to the object/image heights.  However, because of the sign convention image height is negative in this case; using the similar triangle properties we arrive at Equation 3.  
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Equation 3. Object-image similar triangle relationship
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Substituting Equation 3into Equation 2 we get magnification in terms of object and image distances (Equation 4).  This is convenient because we can calculate the magnification without even knowing the object height.
Equation 4. Magnification in terms of object and image distances
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The magnitude of the magnification tells us if the image size is larger or smaller than the object.  For a magnitude of less than one the image is smaller than the object.  When the magnitude of the magnification is exactly one then the object and image size is the same.  When the magnitude of the magnification is larger than one then the image is larger than the object.

In addition to the size of the image the magnification also tells us if the image’s orientation.  If the magnification is negative then the image will be upside-down compared to the object.  If the magnification is positive then the image will have the same orientation as the object.
Transverse Magnification

Transverse magnification deals with magnification along the optical axis.  For example if the object moves towards the object, the image will move away.  The transverse magnification is the ratio of the change in image distance to the change in object distance.  To get this relationship we must take the derivative of paraxial imaging equation with respect to di and do.  Equation XXX shows the result after differentiation and collection of terms to get di/do.
Equation 5. Transverse Magnification
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For example we were looking at an object with a magnifying glass.  If the magnification is 2 and the object moved 2 mm towards the lens (do=2mm), the image of the ant would look like it moved 8 mm towards the lens (di=-8).  Figure 5 illustrates these shifts.

Summary
In this tutorial we covered the basics of imaging.  First we talked about the paraxial imaging equation, which defines how the relationship between object distance and image distance.  Then we talked about virtual and real images.  Next we looked at magnification and orientation.  Finally we investigated how objects’ movement along the optical axes affects the image position and how that relates to transverse magnification.  All of these first order techniques are easy to compute and reveals valuable information about the size, and location of the image.
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Figure � SEQ Figure \* ARABIC �1�.  Image of a point source at infinity
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Figure � SEQ Figure \* ARABIC �2�.  Object being imaged by a lens.
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Figure � SEQ Figure \* ARABIC �3�.  An magnifying glass creating a virtual image





Figure � SEQ Figure \* ARABIC �4�.  Similar triangles of an object-image relationship
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Figure � SEQ Figure \* ARABIC �5�. Transverse magnification
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