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Mirrors

Everyone is familiar with the fact that one can “see” illuminated objects in a smooth surface that is next to them. A surface that is designed for this purpose is called a mirror. A mirror is classified by the shape of its surface. The most common mirror is the plane mirror, whose surface is part of a plane. Another common mirror is the spherical mirror, whose surface is part of a sphere. (As we shall see, there are two types of spherical mirrors.) You might see a spherical mirror in an elevator or in a store where it is used for security.

Wave Fronts and Rays

As an electromagnetic wave spreads out from its source there are points in the wave that have the same phase. In general, these points are spread out in space, forming a surface. These surfaces of constant phase are called wave fronts. For example, if the source of light is a point source (which can be approximated, for example, by a tiny filament in a light bulb) the wave fronts form a set of concentric spheres that expand outward from the source. This is an example of a spherical wave. In the last chapter we studied electromagnetic plane waves where the wave fronts were planes.

We can imagine a set of lines perpendicular to the wave fronts of a wave. If we assign the direction of propagation of the wave as a direction to these lines, the lines are called rays. The rays of spherical waves are directed radially outward from the source; the rays of plane waves are parallel. See Figures 25.2a and 25.2b in your text.

Ray Optics
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In this and the next chapter we will study the behavior of visible light using ray optics. In ray optics one replaces the original electromagnetic wave with light rays. The direction of propagation of the wave is then determined by simple rules involving the interaction of the light rays with solid objects. This procedure is valid provided that the wavelength of the light wave is much smaller than the objects the light encounters. If this is not the case, a phenomenon called diffraction appears that renders the analysis with rays invalid. (In this case one must use physical optics to analyze the motion of the light waves. We will study physical optics in Chapter 27.) For the rest of this chapter (and the next) we assume that we are dealing with systems where ray optics is valid. (Another name for ray optics is geometric optics.)

Remark. In the remaining chapters we assume that we are dealing with visible light, unless stated otherwise.

The Reflection of Light
A light ray that encounters an opaque surface consists of two parts: the incident ray (the portion of the ray that exists before the light strikes the surface) and the reflected ray (the portion of the ray that exists after the light strikes the surface). Suppose a light ray is incident on a smooth, shiny surface. Let us draw a line perpendicular to the surface at the point where the light strikes the surface. This line is called the normal to the surface. The angle between the incident ray and the normal is called the angle of incidence (
[image: image27.bmp]); the angle between the reflected ray and the normal is called the angle of reflection (
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). There is a simple law that relates the angle of incidence, the normal and the angle of reflection.

1. The incident ray, the reflected ray, and the normal to the surface all lie in the same plane.

2. The angle of incidence equals the angle of reflection:
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If a group of parallel light rays strikes a surface, there are two possibilities. Either the reflected rays are parallel or they are not. If the reflected rays are parallel specular reflection is said to occur. If they are not parallel, diffuse reflection is said to occur. A mirror uses specular reflection to form an image of an illuminated object sitting in front of it.

Formation of an Image by a Plane Mirror

Properties of an image formed by a plane mirror:

1. The image is upright.

2. The image is the same size as the object.

3. The image is located as far behind the mirror as the object is in front of it.

4. The image is reversed from left to right.

Let us see how the first three statements above can be proven using ray optics. The following figure shows an arrow sitting in front of a plane mirror. For an object (O) we choose an upright arrow. The horizontal line 


passing through the base of the arrow and passing through the mirror at a right angle is called the optic axis. The point of intersection of the optic axis with the mirror’s surface is called the vertex (V).

Consider two rays of light that leave the top of the arrow. One ray is parallel to the optic axis and is directed at the mirror. Its angle of incidence with the mirror is 0(. By the law of reflection, the angle of reflection is also 0(, so the reflected ray is also parallel to the optic axis but directed away from the mirror. The second ray we consider leaves the top of the arrow and strikes the vertex V. This ray is reflected into the third quadrant of the drawing.

An eye placed to the left of the optic axis will perceive these two reflected rays as if they came from behind the mirror (from point C in the second drawing). One sees an image of the top of the arrow at C. Similar reasoning for other points of the object O leads one to conclude that all points of the object are similarly imaged by the mirror, forming a complete image I of the arrow.

In the second drawing 
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OVD by the law of reflection. But 
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CVI because they are vertical angles. Hence 
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CVI. Angles AOV and CIV are equal (they are both right angles). Hence 
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VAO. Since line ABC is parallel to line OVI, the distances AO and CI are equal. Thus 
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 Hence the object distance dO equals the image distance di and the object height hO (distance OA) equals the image height hi (distance IC).

We see that the concept of light rays allows one to use geometry to determine aspects of an optical system. Hence the term geometric optics.

Real and Virtual Images

If light rays actually pass through an image formed by an optical system, that image is said to a real image. Real images can be projected onto a screen. The image of a movie seen in a theater is an example of a real image. It is formed by the optical system of the movie projector.

If light rays do not pass through an image formed by an optical system, that image is said to be a virtual image. Virtual images cannot be projected onto a screen. A plane mirror forms a virtual image. The enlarged image of an object seen through a magnifying glass is another example of a virtual image.

Magnification

It is convenient to define the term magnification for an optical system. Magnification is simply the ratio of the image height hi to the object height hO:
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(What are the units of magnification?).

Sign Conventions

We will see that we can write a single basic formula that relates image and object distances for all optical systems provided that we follow certain sign conventions.

Object distance: dO is + for a real object.

Image distance: di is + for a real image.



  di is – for a virtual image.

Thus for a plane mirror we will write
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Object height: hO is taken to be +.

Image height: hi is + for an upright image.


           hi is – for an inverted image.

Magnification: m is + for an upright image.



m is – for an inverted image.

The magnification of a plane mirror is +1. Note that we could write
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Sign conventions for other quantities will be given as we introduce them.

Spherical Mirrors

A spherical mirror is a segment of a spherical surface that has been coated with specular reflecting material. See Figure 25.10 on page 788 in your text. The center of the sphere of which the mirror is a segment is called the center of curvature of the mirror. This is denoted by C. The radius of the sphere is called the radius of curvature of the mirror. This is denoted by R. The imaginary line drawn through C so that it passes through the center of the mirror is called the principal axis or (optic axis) of the mirror. The point where the principal axis intersects the mirror is called the vertex of the mirror. The vertex is denoted by V.

Since the coating can be either placed on the “inside” surface or “outside” surface there are two types of spherical mirrors. If the reflecting surface of the mirror and its center of curvature are on the same side, the mirror is called concave. If the reflecting surface of the mirror and its center of curvature are on opposite sides, the mirror in called convex.

Focal Point and Focal Length

All spherical mirrors have a focal point and a focal length. Consider a concave mirror first. Direct a bundle of light rays that are all parallel to principal axis towards the mirror. We apply the law of reflection to each individual light ray as it strikes the mirror. If all the incident light rays are close to the principal axis (paraxial rays), we find that the reflected rays all pass through a common point on the principal axis. This point is called the focal point of the mirror. It is denoted by F. The distance between F and the vertex V is called the focal length of the mirror. The focal length is denoted by f.

Sign convention for focal length. If the focal point F and the reflecting surface are on the same side of the mirror, f  > 0. If the focal point F and the reflecting surface are on opposite sides of the mirror, f  < 0.

For a concave mirror, f > 0. For paraxial rays, it can be shown that the focal length is simply half the radius of curvature of the mirror:
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Note that the radius of curvature is taken to be positive.

Light rays that are far from the optic axis do not pass through the focal point. This causes images formed by the concave mirror to be blurred. This effect is called spherical aberration.

Now consider a convex mirror. Direct a bundle of light rays that are all parallel to principal axis towards the mirror. We apply the law of reflection to each individual light ray as it strikes the mirror. If all the incident light rays are paraxial rays, we find that the reflected rays diverge as if they all came from a common point on the principal axis behind the mirror. This point is called the focal point of the mirror. It is denoted by F. The distance between F and the vertex V is called the focal length of the mirror. The focal length is denoted by f.


For a convex mirror,  f < 0. For paraxial rays, it can be shown that the focal length is the negative of half the radius of curvature of the mirror:
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Image Formation by a Concave Mirror

We will see that the nature of an image formed by a simple optical system will depend on the location of the object in relation to the focal point of the system. Let us place an object (represented by an upright arrow) on the principal axis of a concave mirror. To start, we place the object between the focal point F and the vertex of the mirror.


Consider three rays emerging from the top of the arrow. (If you are viewing this document in Microsoft Word, use the zoom level in the upper right hand corner to make the page and the drawing larger, if you wish.) The first (the lowest) ray travels towards the mirror parallel to the principal axis. This ray is reflected through the focal point F on the principal axis. The second ray emerging from the top of the arrow (the one in the middle) travels along a radial line of the mirror; it has an angle of incidence of 0( with the mirror. This ray is reflected back along its incident path and through the center of curvature C of the mirror. The third ray (the highest) emerges from the top of the arrow along an imaginary line that connects the focal point F with the top of the arrow. This ray is reflected in a direction parallel to the principal axis. (Why?)

If someone looks into the mirror from the left, it will appear that the three reflected rays described above emerged from a common point behind the mirror. This point will be perceived as the top of the image of the arrow. By similar ray tracing one can conclude that other points on the arrow object are reproduced behind the mirror at about the same distance; they all combine to form the image labeled I in the above diagram.

1. Is the image real or virtual?

2. Is it upright or inverted?

3. Is its magnification positive or negative?

4. Is its magnification greater than 1, less than 1 or equal to 1?

The Mirror Equation

If the object in front of the mirror is not too large, the rays in the diagram can be considered to be paraxial rays. It can be shown using geometry that the focal length of the mirror, the object distance and the image distance are related by
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This formula works for all mirrors provided that the sign conventions discussed above are used. The magnification is given by


[image: image20.wmf]i

O

d

m

d

=-


Example

An object, 2.00 cm high, is placed 1.50 cm in front of the vertex of a concave mirror with radius of curvature 6.00 cm. Find the image distance, the image magnification and the image height.
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These results agree qualitatively with the ray diagram shown on the previous page.

Now let us place the object on the principal axis of a concave mirror at a distance that is greater than the focal length of the mirror.

We again consider three rays emerging from the top of the object (the upright arrow). The lowest ray passes through the focal point F and is reflected parallel to the principal axis of the mirror. The ray in the middle leaves the top of the arrow parallel to the principal axis. This ray is reflected back through the focal point. The ray on top is directed toward the mirror radially; it has an angle of incidence of 0( with the mirror. This ray is reflected directly back through the center of curvature C of the mirror.

If someone looks from the left, it will appear that the three reflected rays described above emerged from a common point in front of the mirror. This point will be perceived as the top of the image of the arrow. By similar ray tracing one can conclude that other points on the arrow object are reproduced in front of the mirror at about the same distance; they all combine to form the image labeled I in the above diagram.

1. Is the image real or virtual?

2. Is it upright or inverted?

3. Is its magnification positive or negative?

4. Is the magnitude of the magnification greater than 1, less than 1 or equal to 1?

The above is an example of the formation of a real image in space. If one places a screen (such as a sheet of paper) at the position of I, the image of the arrow appears on the screen. However, a screen is not necessary to view the image! If the object has enough illumination, it will appear that a similar, larger, inverted object is actually hanging from the principal axis in front of the mirror. This “phantom object” is an example of an optical illusion, caused by the formation of a real image in space. Professional magicians have used effects such as this in their magic acts. (Mirage demonstration.)

Exercise. Use ray-tracing techniques similar to those described above to locate the image of an object placed on the principal axis of a concave mirror at a position beyond the center of curvature C.

Example

An object, 2.00 cm high, is placed 4.50 cm in front of the vertex of a concave mirror with radius of curvature 6.00 cm. Find the image distance, the image magnification and the image height.
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These results agree qualitatively with the ray diagram shown on the previous page.

Image Formation by a Convex Mirror

Place an object (represented by an upright arrow) on the principle axis of a convex mirror. Once again we can locate the image with the help of three light rays emerging from the top of the arrow.


(If you are viewing this document in Microsoft Word, use the zoom to enlarge the page and the image, if you wish.) The lowest ray heads toward the focal point F on the other side of the mirror. This ray is reflected back in a direction parallel to the principal axis. The ray in the middle heads toward the center of curvature C. This ray has an angle of incidence of 0( with the mirror and is reflected directly back from the mirror, as shown. The top ray heads toward the mirror parallel to the principal axis; this ray is reflected in a direction away from the focal point, as shown.

If someone looks into the mirror from the left, it will appear that the three reflected rays described above emerged from a common point behind the mirror. This point will be perceived as the top of the image of the arrow. By similar ray tracing one can conclude that other points on the arrow object are reproduced behind the mirror at about the same distance; they all combine to form the image (the small arrow to the right of the mirror) in the above diagram.

1. Is the image real or virtual?

2. Is it upright or inverted?

3. Is its magnification positive or negative?

4. Is its magnification greater than 1, less than 1 or equal to 1?

Example

An object, 2.00 cm high, is placed 3.00 cm in front of the vertex of a convex mirror with radius of curvature 6.00 cm. Find the image distance, the image magnification and the image height.
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continued on the next page
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These results agree qualitatively with the ray diagram shown on the previous page.
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