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Lenses

Lenses are commonly found in optical instruments such as eyeglasses, binoculars, microscopes, telescopes and so on. Lenses are made from transparent materials that refract light. Light that passes through a lens is refracted in such a way that an image is formed. Depending on the lens and the location of an object relative to the lens, the image of the object can be real or virtual, upright or inverted, larger, smaller or the same size as the object.

Types of Lenses

Lenses can be classified into two broad classes: converging lenses and diverging lenses. The surface of a lens is usually a spherical segment. The following figure shows how one might construct two plano-convex lenses and then join them together to form a double convex lens.

A double convex lens may just be referred to as a convex lens.

The following figure shows how one might construct a plano-concave lens from a glass block. One side of the block is “carved out” to form a spherical segment. If the opposite side of the block is also carved out a double concave lens is formed.

A double concave lens may just be referred to as a concave lens.


A converging lens is thicker in the middle than it is at the edge. A diverging lens is thinner in the middle than it is at the edge. Hence convex lenses are converging lenses; concave lenses are diverging lenses.

Converging Lenses

Converging and diverging lenses get their names from the effects they have on light rays. Consider first a convex lens. The imaginary line that passes through the center of the lens and is perpendicular to the plane that would divide the lens into two identical plano-convex lenses is called the principal axis (or optic axis) of the lens.

In the figure three rays that are parallel to the principal axis approach the lens from the left. The paths of the top and bottom rays are bent as they pass through the lens because of refraction. The middle ray, whose angle of incidence with the glass surfaces of the lens is zero, passes through the lens undeflected. If the rays are paraxial, we find that they all intersect at a point on the principal axis on the right side of the lens. This point is called the focal point of the lens; it is denoted with the letter F. The distance of F from the center of the lens is called the focal length of the lens.

Because of symmetry there is a focal point on each side of a convex lens. If the radii of curvature of the two spherical segments that make up the lens are the same, the focal points are equidistant from the center of the lens and the lens has just one focal length.

For simplicity we will designate a converging lens with a vertical line and a plus (+) sign.

Diverging Lenses
Consider next a concave lens. The imaginary line that passes through the center of the lens and is perpendicular to the plane that would divide the lens into two identical plano-concave lenses is called the principal axis (or optic axis) of the lens.

In the figure three rays that are parallel to the principal axis approach the lens from the left. The paths of the top and bottom rays are bent as they pass through the lens because of refraction. The middle ray, whose angle of incidence with the glass surfaces of the lens is zero, passes through the lens undeflected. We see that unlike a converging lens, a diverging lens directs the rays that pass through the lens away from the principal axis, except, of course, for the ray that lies on the principal axis. If the rays are paraxial, we find that if we extend their paths back to the left side of the lens, the paths all intersect at a point on the principal axis on the left side of the lens. It appears as if all the rays emerging on the right side of the lens came from this point. This point is called the focal point of the lens; it is denoted with the letter F. The distance of F from the center of the lens is called the focal length of the lens. Because some of the rays do not pass through F, F is often referred to as a virtual focal point. Only diverging lenses have virtual focal points.

Because of symmetry there is a focal point on each side of a concave lens. If the radii of curvature of the two spherical segments that make up the lens are the same, the focal points are equidistant from the center of the lens and the lens has just one focal length.

For simplicity we will designate a diverging lens with a vertical line and a minus (-) sign.


Formation of an Image by a Converging Lens
As was the case with a concave mirror, we shall see that the nature of the image (whether it is real or virtual and its magnification) depends on the location of the object relative to the focal point of the converging lens. In the following we assume that we are dealing with thin lenses, i.e., we assume that the thickest part of the lens has a thickness that is small compared to the object and image distances. We also assume that the object is small enough so that all the rays we consider are paraxial.

All magnifying glasses are converging lenses; most are double-convex lenses. If you have a magnifying glass run your thumb and forefinger simultaneously over the front and back of the lens; you will see that it is thicker in the middle than it is at the edge. Let us begin by finding out why this device is capable of making objects appear larger than they really are.

Object Placed Between a Focal Point and the Lens

The object is represented as an upright arrow at point O on the left side of the lens. Consider three rays coming from the top of the object. The bottom ray passes through the center of the lens and suffers no net deflection by refraction. The middle ray approaches the lens parallel to the principal axis; this ray is deflected through the focal point on the right side of the lens. The top ray is directed towards the lens along a path that intersects the focal point on the left side of the lens. This ray is deflected into a direction parallel to the principal axis on the right side of the lens.

To an observer on the right side of the lens, the three rays appear to have come from a point behind and above the object. We can conclude that this point is the top of the image of the object.

1. Is the image real or virtual?

2. Is the image upright or inverted?

3. Is the magnitude of the magnification larger or smaller than one?

The object distance dO, the image distance di and the focal length f are related by the thin-lens equation:


[image: image1.wmf]Oi

111

fdd

=+


This equation is mathematically identical to the mirror equation. The same sign conventions are used for object and image distances. f > 0 for a converging lens; f < 0 for a diverging lens.

Example

A converging lens has focal length 5.00 cm. An object 1.50 cm high is placed on the principal axis 2.25 cm from the lens. Find the image distance. Is the image real or virtual? Find the magnification and the image height. Is the image upright or inverted?
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Do the above results qualitatively agree with the diagram on the previous page?

Object Placed Beyond the Focal Point of the Lens

The object is represented as an upright arrow at point O on the left side of the lens. Consider three rays coming from the top of the object. The bottom ray passes through the right focal point of the lens and is deflected parallel to the principal axis on the right side of the lens. The middle ray passes through the center of the lens and suffers no net deflection due to refraction. The top ray approaches the lens parallel to the principal axis; this ray is deflected through the focal point on the right side of the lens.

The three rays pass through a common point on the right side of the lens. We conclude that this point lies on the image of the object.

1. Is the image real or virtual?

2. Is the image upright or inverted?

3. Is the magnitude of the magnification larger or smaller than one?

Example

A converging lens has focal length 5.00 cm. An object 1.50 cm high is placed on the principal axis 7.75 cm from the lens. Find the image distance. Is the image real or virtual? Find the magnification and the image height. Is the image upright or inverted?
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Do the above results qualitatively agree with the diagram on the previous page?

Formation of an Image by a Diverging Lens
Let us next find the image produced by a double-concave lens.


The object is represented as an upright arrow at point O on the left side of the lens. (If you are viewing this document in Microsoft Word use the zoom control in the upper right-hand corner of the screen to make the image and page larger, if you wish.) Consider three rays coming from the top of the object. The bottom ray passes through the center of the lens and suffers no net deflection by refraction. The top ray approaches the lens parallel to the principal axis; this ray is deflected in such a way that it appears to have come from the focal point on the left side of the lens. The middle ray is directed towards the lens along a path that intersects the focal point on the right side of the lens. This ray is deflected into a direction parallel to the principal axis on the right side of the lens.

To an observer on the right side of the lens, the three rays appear to have come from a point in front and below the object. We can conclude that this point is the top of the image of the object.

1. Is the image real or virtual?

2. Is the image upright or inverted?

3. Is the magnitude of the magnification larger or smaller than one?

Example

A diverging lens has focal length -5.00 cm. An object 1.50 cm high is placed on the principal axis 4.00 cm from the lens. Find the image distance. Is the image real or virtual? Find the magnification and the image height. Is the image upright or inverted?
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Do the above results qualitatively agree with the diagram on the previous page?

Exercise. Draw a ray diagram for an object placed beyond the focal point of a concave lens and locate the image.

Lenses in Combination
Optical instruments such as microscopes and telescopes use a number of lenses to produce an image. One advantage of using more than one lens is increased overall magnification of the object being observed.

The location of the final image in a multiple-lens system can be determined by using the thin-lens equation for each lens. The idea is that the image of a given lens in the system serves as the object of the next lens in the system.

Compound Microscope

Example

The objective lens and eyepiece lens in a compound microscope are separated by a distance of 60.0 mm. The focal length of the objective lens is fO = 15.0 mm; the focal length of the eyepiece lens is fe = 25.0 mm. An object 1.50 mm high is placed 25.0 mm from the objective lens. Find the position, magnification and height of the final image.

First locate the image formed by the objective lens and find its magnification.
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Next use this image as the object of the eyepiece lens. (Note that the eyepiece lens acts as a simple magnifier of this image.) Denote the object distance for the eyepiece lens by dOe = 60.0 mm –37.5 mm = 22.5 mm. Locate the image formed by the eyepiece lens and find its magnification.
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Warning. Note that the magnification of the final image is positive, indicating that the image is upright relative to the object. But the object for the final image is the real image formed by the objective lens; this image is inverted relative to the actual object. Hence the final image is inverted relative to the actual object.

The height of the final image is 
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Note that the negative answer is correct. (Why?) The overall magnification is
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    Note that  
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These results qualitatively agree with the diagram on the previous page.

The Human Eye
The human eye relies on the lens near the front of the eye to focus an image on the retina – the “screen” at the back of the eye on which a real image is formed. See Figure 26.34 on page 830 in your text. The lens is connected to a muscle (the ciliary muscle) through suspensory ligaments. The ciliary muscle, when tensed, changes the shape of the lens, thereby changing its focal length. Note that the lens of the eye is a converging lens. (How can you tell?) When an object is placed in front of the eye, the ciliary muscle will automatically adjust the focal length of the lens of the eye in an attempt to produce a sharp image of the object on the retina. The process in which the lens changes its focal length to focus on objects at different distances is called accommodation.

The point nearest the eye at which an object can be placed and still produce a sharp image on the retina is called the near point of the eye. For people in their early twenties who have good vision this distance is about 25 cm. This distance increases with age, to about 50 cm at age 40 and to roughly 500 cm (5 meters!) at age 60. Since most reading material is held about 45 cm from the eye, older people need eyeglasses to overcome the loss of accommodation.

The point farthest from the eye at which an object can be focused by a completely relaxed eye is called the far point. For a person with normal eyesight this point is at infinity.

Nearsightedness
A person with nearsightedness (myopia) has a far point that is not at infinity. The person can focus on objects that are close to the eye but not on objects that are far away. In this case the relaxed lens of the eye forms a sharp image of a distant object in front of the retina. See Figure 26.36a on page 832 in your text.

To correct myopia a diverging lens is placed in front of the eye. If the focal length of the diverging lens is adjusted properly, the far point can be moved to infinity.

Example

A nearsighted person has a far point 449 cm from the eye. Find the focal length needed for eyeglasses that are worn 2.00 cm from the eye.

The idea here is that we assume an object distance of infinity; the lens is to form an image of this object at the person’s far point, so that it can be focused by the eye. Since the eyeglasses sit 2.00 cm in front of the eye, the image distance for the lenses will be taken to be – 447 cm. (Why is a negative image distance used?) Use the thin-lens equation:
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  (The negative focal length indicates a diverging lens.)

Farsightedness
A person with farsightedness (hyperopia) has a near point that is much larger than 25 cm. The person can focus on objects that are far from the eye but not on objects that close to the eye. In this case the tensed lens of the eye forms a sharp image of a close object in back of the retina. See Figure 26.37a on page 833 in your text.

To correct hyperopia a converging lens is placed in front of the eye. If the focal length of the converging lens is adjusted properly, the near point can be moved to a comfortable distance (usually taken to be 25.0 cm).

Example

A farsighted person has a near point 72.0 cm from the eye. Find the focal length needed for eyeglasses that are worn 2.00 cm from the eye.

The idea here is that we assume an object is placed 25.0 cm from the eyes; the lens is to form an image of this object at the person’s near point, so that it can be focused by the eye. Since the eyeglasses sit 2.00 cm in front of the eye, the object distance to be used is 23.0 cm; the image distance for the lenses will be taken to be – 70.0 cm. (Again, why is a negative image distance used?) Use the thin-lens equation:
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The Diopter
Optometrists (doctors who prescribe correctional lenses) and opticians (individuals who make the lenses) do not specify focal lengths directly in prescriptions. Instead, they specify the refracting power of lenses in diopters. The diopter is just the reciprocal of the focal length measured in meters. Thus the lens in the example of myopia would have a strength of –0.224 diopters. (-0.224 diopters = 1/(-4.47 m).) The lens in the previous example would have a strength of +2.92 diopters.

Angular Magnification
We have seen that the image of an object placed between a converging lens and its focal point is magnified. A converging lens used in this way is called a simple magnifier. The magnification we have been calculating, 
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, is called the linear magnification. Another way to measure the magnifying ability of an optical instrument is angular magnification.

When an object is placed in front of the eye, its size is judged by the angle it subtends (covers) at the eye. Place the object at the near point of the eye and call the angle it subtends (.

As we have seen, if a simple magnifier is placed between the eye and the object in such a way that the object is within the focal length of the magnifier, a virtual image of the object is formed. The object can now be moved closer to the eye so that a magnified image is seen. This image subtends an angle ((.


The angular magnification (or magnifying power) of the simple magnifier is
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Note that we use an upper case M for angular magnification and a lower case m for linear magnification.

In the last two figures let the height of the object be hO. In the first figure, tan( = hO/N. In the second figure tan(( = hO/dO. If these ratios are small we can use the approximation 
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According to the thin-lens equation we can relate the object distance dO to the image distance di and the focal length f of the lens by
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There are two extreme cases we can consider. If the image is formed at the near point, di = -N and the magnifying power is
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(Why was a negative sign used for the image distance?)

If the image forms at infinity, 
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We see that the greatest magnifying power is obtained when the image forms at the near point of the eye. The magnifying power of the lens can then be increased further by decreasing the focal length of the lens.

Remarks. In order for the eye to view an image (or an object) at its near point, the ciliary muscle has to be tensed to capacity in order for the lens of the eye to form a clear image on the retina. This tensing, if allowed to continue over a period of time, can produce eye strain and headaches. However, a normal eye can focus on an image at infinity (the “far point”) while completely relaxed. Hence if the magnifier is to be used for an extended period of time, it is usually preferable to adjust it so the image is at infinity, despite the (usually small) loss of magnifying power.

Example

Reading glasses purchased at a pharmacy are rated with a refracting power of 2.50 diopters. What are the minimum and maximum magnifying powers of these glasses if the person wearing them has a near point of 80.0 cm?

First find the focal length in centimeters:
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Exercise. If you have normal eyes, have you ever tried on a pair of reading glasses just out of curiosity? What happens to the appearance of nearby objects? Is this helpful for a person with normal eyes? Explain. (Hint: Rework the previous example with N = 25.0 cm.)

Angular Magnification of a Compound Microscope
Let L be the distance between the objective and eyepiece lenses; let fO be the focal length of the objective lens and fe be the focal length of the eyepiece lens. If a person with near point N uses the microscope it can be shown that if the final image is very far from the eyepiece,
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Note that this equation is valid only if L > fO  + fe.

Example

Find the angular magnification of the compound microscope described in the example on page 117 if a person with a near point of 25.0 cm uses the microscope.

L = 60.0 mm. The focal length of the objective lens is fO = 15.0 mm; the focal length of the eyepiece lens is fe = 25.0 mm.
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What is the meaning of the negative answer?

Plano-convex lenses       Double convex lens
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