
THE REFRACTION OF LIGHT: LENSES AND OPTICAL INSTRUMENTS

Light can be refracted, or bent, through a transparent medium such as a lens. The relationship between the speed of light in two different media and the angle of the light rays can be found using Snell’s law of refraction. As light rays are refracted, they may form an image, which can be real or virtual, depending on the distance from the lens to the object which is the source of the light rays. As in the previous case of mirrors, ray diagrams can be drawn to show the bending of a light ray or to locate an image formed by a lens.
Important Terms
angle of incidence  
the angle between the normal line to a surface and the incident ray or wave

angle of refraction 
the angle between the normal line to a surface and the refracted ray 
or wave at the boundary between two media.

converging lens   
a lens which converges light rays to a focal point; also known as a 
convex lens

critical angle   
the minimum angle entering  a different medium at which total internal 
reflection will occur

diverging lens   
a lens which diverges light rays passing through it; also known as a 
concave lens 

focal length   
the distance between the center of a lens or mirror to the point at which the 
rays converge at the focal point
focal point   
the point at which light rays converge or appear to originate

index of refraction   
the ratio of the speed of light in a vacuum to the speed of light in 
another medium
lens   
a piece of transparent material that can bend light rays to converge or diverge

magnifying glass
optical instrument which results from an object being placed within the focal length of a convex lens, producing an enlarged virtual image 

refraction   
the change in speed, wavelength, and direction of a light ray due to a change 
in medium

Snell’s law of refraction  


when light passes from one material with an index of refraction n1 into a material 

of a different index of refraction n2, the angle of incidence θ1 is related to the angle of refraction θ2 by the equation n1sinθ1 = n2sin2.
total internal reflection   
the complete reflection of light that strikes the boundary 
between two media at an angle greater than the critical angle
Equations and Symbols

[image: image28.bmp]
where

c = speed of light = 3 x 108 m/s

f = frequency of light

λ = wavelength of light

n = index of refraction

θ1 = angle of incidence

θ2 = angle of refraction

θc = critical angle

 f = focal length of a lens

ho = height of the object

hi = height of the image produced by a lens

do = distance from the center of the lens to the object

di = distance from the center of the lens to the image

m = magnification

DISCUSSION OF SELECTED SECTIONS
26.1 and 26.2 The Index of Refraction, and Snell’s Law and the Refraction of Light
If you put a pencil in a clear glass of water, the image of the pencil in the water appears to be bent and distorted. The light passing from the air into the water is refracted, bending due to the fact that it’s passing from one medium to another. If we consider a single beam of laser light, we can observe it as it passes from air into a piece of glass.


[image: image2]
The angle (i from the normal line at which the beam approaches the glass from the air is called the angle of incidence. The angle (r from the normal line in the glass is the angle of refraction. As the light passes from the air, a less dense medium, into the glass, a more dense medium, the beam bends toward the normal line. When the beam of light exits the glass and passes back into the air, it bends away from the normal at the same angle it entered the glass from the air. 

The light bends toward the normal in the glass because the beam slows down as it enters the glass. Light travels more slowly in a more dense medium. Recall that sound travels faster in a more dense medium, but sound is a mechanical wave, while light is an electromagnetic wave. The ratio of the speed of light in air (approximately a vacuum) to the speed of light in the glass (or any other medium) is called the index of refraction n:
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The index of refraction for a vacuum or air is 1, since v = c. The index of refraction for crown glass is about 1.6, which means that light travels 1.6 times faster in a vacuum than in crown glass. 
We can relate the index of refraction to the angles of incidence and refraction by using Snell’s law of refraction:
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where n1 and n2 are the indices of refraction of the first and second media, and ( and  (2 are the angles of incidence and refraction, respectively. 

Example 1

A beam of light enters the flat surface of a diamond at an angle of 30º from the normal. The angle of refraction in the diamond is measured to be 12º from the normal. Determine the speed of light in the diamond.
Solution

The angle of incidence θ1 = 30º and the angle of refraction θ2 = 12º. The index of refraction can be found by Snell’s law:
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The speed of light in diamond can be found by
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26.3 Total Internal Reflection

Consider a water-proof laser which you can put under the water and shine a beam of light up out of the water into the air. If you shine the light at a small angle relative to the normal, the light will emerge from the water and bend away from the normal as it enters the air. 


[image: image7]
As you increase the angle at which the laser is pointed at the surface of the water, the refracted angle also increases, eventually causing the refracted ray to bend parallel to the surface of the water:

The angle  (c is called the critical angle. If the laser is pointed at an angle greater than the critical angle, the beam will not emerge from the water, but will reflect back into the water.
This phenomena is called total internal reflection. The inside surfaces of a glass prism in a pair of binoculars can become like mirrors, reflecting light inside the prism if the light is pointed at the surface at an angle greater than the critical angle. Total internal reflection is the also the principle behind the transmitting of light waves through transparent fiber optic cable for communication purposes. 

Example 2

The speed of light in a particular piece of glass is 2.0 x 108 m/s, and the speed of light in water is 2.3 x 108 m/s. 
(a) Find the index of refraction for 

     i. the glass

     ii. water
(b) A sheet of this glass is placed over a tank full of water. Laser light is incident on the glass from the air above the glass at an angle of 40º. Determine whether or not the light passes into the water, and, if it does, find the angle of refraction of the light in the water.
Solution

(a) i. 
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    ii. 
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(b) First, let’s find the critical angle for the light traveling from the glass to the water.
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If the light passes from the glass toward the water at an angle greater than 60º, it will totally internally reflect inside the glass. The angle of refraction inside the glass can be found by 
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Since the angle of the light in the glass less than 60º, the light will refract in the water. The angle of refraction in the water can be found by
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[image: image13]
26.5 The Dispersion of Light: Prisms and Rainbows

Each color in the spectrum refracts just a little differently than every other color. This is why we can separate white light into its component colors by passing it through a prism. The shorter wavelengths slow down and bend more than the longer wavelengths, so violet bends the most, and red the least:


[image: image14]

Example 3

[image: image15]
The glass plate shown above has an index of refraction that depends on the wavelength of the light that enters it. The index of refraction is 1.54 for yellow light of wavelength 5.80 x 10‑9 m in the air and 1.62 for violet light of wavelength 4.20 x 10‑9 m in the air. Both the yellow and violet beams of light enter the glass from the left at the same angle of 30º above the normal, are refracted inside the glass, and exit the glass on the right.

(a) Determine the following for each color for the time the light is inside the glass.

    i. the speed of each color in the glass

    ii. the wavelength of each color in the glass

    iii. the frequency of each color in the glass
(b)    On the figure above, sketch the approximate paths of both the yellow and the violet rays as they pass through the glass and then exit into the air. 
(c)  The figure below represents a hollow space in a large piece of the type of glass 
described above. On this figure, sketch the approximate path of the yellow and the violet rays as they pass through the hollow space and back into the glass. 

[image: image16]
Solution
(a) i.
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ii. Since the frequency of the light does not change as the beam passes from one medium to another, the wavelength is proportional to the speed. 
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iii. The frequency of each color is the same in the glass and in the air.
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(b) Violet light slows down more than yellow light, and bends its path more than yellow light. Both beams bend toward the normal line inside the glass, and away from the normal line (at 30º) when they exit the glass into the air again.
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(c) Since each beam of light is going from a more dense medium to a less dense medium, they will bend away from the normal as they enter the air, and toward the normal as they enter the glass again. Again, violet light will bend more than yellow light.
[image: image27.bmp]
26.6 - 26.8 Lenses, The Formation of Images by Lenses, and The Thin-Lens Equation and Magnification Equation

Lenses operate on the principle of refraction. A diverging (concave) lens is a lens which is thicker on the edges than it is in the middle, and it diverges the light rays that pass through it:


The focal point of a diverging lens can be found by extending the diverging rays back behind the lens until they seem to meet. 

A converging (or convex) lens is a lens which is thicker in the middle than on the edges, and it converges parallel rays that pass through it:


When you read the words diverging and converging, or convex and concave, be sure you identify whether the question is asking you about lenses or mirrors. The answers associated with lenses might be quite different than those associated with mirrors!
Just as in the case of the concave mirror, a converging lens can create an image which can be real or virtual, upright or inverted, larger or smaller in size, or the same size as the object. It all depends on where the object is placed relative to the focal length of the lens. Since the AP Physics B exam typically focuses on the converging reather than the diverging lens, we will look at some examples involving the converging lens.
The ray diagrams for the converging lens are very similar to the ray diagrams for the concave mirror, as are the equations listed above for relating the focal length of the lens, the object distance, image distance, and magnification.
Example 4

A converging (convex) lens has a focal length of 15.0 cm. A 5.0-cm tall candle is placed at a distance of 40.0 cm to the left of the lens. 

(a) By drawing a ray diagram, find the location of the image formed by the converging lens. State whether the image is real or virtual, upright or inverted, and larger, smaller, or the same size as the object (candle). 

(b) Using the lens and magnification equations, verify your results from part (a). 

Solution

(a) To find out what kind of image will be formed by the lens, we will draw two rays: (1) one ray from the flame entering the lens parallel to the principal axis and bending through the focal point, and (2) another ray from the flame which passes straight through the center of the lens without bending. The image is formed at the location of the intersection of these two rays:


We see that in the case where the object (candle) distance from the lens is greater than twice the focal length, the image is inverted and reduced in size. The image is also real, so if we placed a screen at the location of the image, we would see the projection of a small inverted candle. The image formed by a converging lens is real if the object distance is greater than the focal length. 

From the diagram, let’s say we measure the image distance at 23 cm from the center of the lens, and the image is measured to be 3.0 cm tall.
(b) Using the lens and magnification equations, we can solve the image distance:
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Note that our measurement of the image distance is very close to the calculated value within reasonable experimental error. 

The height of the candle can be found by
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Again, the negative sign indicates the image is inverted.

If we place the candle at a distance from the lens equal to the focal length, our two rays would emerge parallel to each other, and no image would be formed.
If we place the candle inside the focal length of the lens, we get a result similar to the same case for a concave mirror.

Example 5

A converging lens has a focal length of 30.0 cm. A 5.0-cm tall candle is placed at a distance of 10.0 cm in front of the lens. 

(a) By drawing a ray diagram, find the location of the image formed by the converging lens. State whether the image is real or virtual, upright or inverted, and larger, smaller, or the same size as the object (candle). 

(b) Using the lens and magnification equations, verify your results from part (a). 
Solution
(a) 

With the candle placed inside the focal length, our two rays diverge as they emerge from the lens. No image is formed on the side opposite to the candle, but extending the rays backward, we find that they seem to originate on the same side as the candle. The point from which they seem to originate is where a virtual image of the candle is formed.
From the diagram, let’s say we measure the image distance at 17.0 cm from the center of the lens, and the image is measured to be 8.0 cm tall.

(b) Using the lens and magnification equations, we can solve the image distance:
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The height of the candle can be found by
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The positive sign indicates the image is upright.

A summary of the images formed by a converging lens and a converging mirror is listed in the table below, where do is the distance from the candle to the object and f is the focal length of the lens or mirror. For a converging lens, a positive (+) image distance di implies that the image is formed on the opposite side of the lens as the object, and a negative (-) image distance implies that the image is formed on the same side as the object. This sign convention is just the opposite for a converging (concave) mirror. 
	Object placed at:
	Image distance  di
	real or virtual
	upright or inverted
	enlarged or reduced

	do > 2f
	+
	real
	inverted
	reduced

	do = 2f
	+
	real
	inverted
	same size

	f < do < 2f
	+
	real
	inverted
	enlarged

	do = f
	No image
	No image
	No image
	No image

	do < f
	-
	virtual
	upright
	enlarged


Practice

Verify the results in the table above by drawing the ray diagrams below.





CHAPTER REVIEW QUESTIONS

For each of the multiple choice questions below, choose the best answer. 


[image: image24]

1. A beam of light passes from the air through a thick piece of glass as shown. Which of the following angles is the angle of refraction?

(A) 1

(B) 2

(C) 3

(D) 4

(E) 5

2. The speed of light in a piece of glass is 1.5 x 108 m/s. What is the index of refraction of the glass?

(A) 2

(B) 1.5

(C) 0.67

(D) 0.33

(E) 0.2
3. A beam of light passes from air into water. Which of the following statements is true?

(A) The angle of incidence is greater than the angle of refraction in the water. 

(B) The angle of incidence is less than the angle of refraction in the water.

(C) The angle of incidence is equal to the angle of refraction in the water.

(D) The frequency of the light decreases.

(E) The frequency of the light increases.

4. Total internal reflection occurs when 

(A) light passes from air into water.

(B) light refracts as it exits glass into air.

(C) light reflects off of a mirror.

(D) light passing through glass is reflected inside the glass.

(E) the angle of incidence is less than the critical angle.

5. Which of the following is true of a diverging lens?

(A) Incoming parallel rays passing through the lens converge to a focal point.

(B) The lens is thinner in the center than on the edges.

(C) The lens is thicker in the center than on the edges.

(D) Light must enter it parallel to the principal axis.

(E) The lens must be flat on one side.

6. A candle is placed on the principal axis of a convex lens at a distance of 30 cm from the lens. The focal length of the lens is 10 cm. The image formed will be

(A) real, upright, and enlarged

(B) real, inverted, and enlarged

(C) real, inverted, and smaller 

(D) virtual, upright, and enlarged

(E) virtual, upright, and smaller

7. A candle is placed on the principal axis of a convex lens at a distance of 10 cm from the lens. The focal length of the lens is 20 cm. The image formed will be

(A) real, upright, and enlarged

(B) real, inverted, and enlarged

(C) real, inverted, and smaller 

(D) virtual, upright, and enlarged

(E) virtual, upright, and smaller

8. A candle is placed on the principal axis of a convex lens at a distance of 20 cm from the lens. The image formed is magnified 3 times. The image distance is

(A) 7 cm

(B) 20 cm

(C) 60 cm

(D) 90 cm

(E) 120 cm

9. A beam of green light and a separate beam of blue light enter a converging lens parallel to the principal axis. Which of the following statements is true?

(A) The focal length of the green light is greater than the focal length of the blue light. 

(B) The focal length of the green light is less than the focal length of the blue light.

(C) The focal length of the green light is equal to the focal length of the blue light

(D) The green light will be absorbed in the lens, and the blue light will be transmitted through the lens.

(E) The blue light will be absorbed in the lens, and the green light will be transmitted through the lens.
Free Response Question

Directions: Show all work in working the following question. The question is worth 15 points, and the suggested time for answering the question is about 15 minutes. The parts within a question may not have equal weight. 
1. (15 points)


[image: image25]
A beam of light is directed from the air toward a glass prism in the shape of an equilateral triangle. The index of refraction of the glass is 1.47. 
(a) On the diagram above, sketch the path of the beam of light in the prism, and as it exits the prism. Be sure to use a straight-edge to draw the path of the light in each region.

(b) Calculate the angle from a line normal to the surface of the right face of the prism at which the beam exits the prism. 

The prism is actually the top of a convex lens of focal length 50.0 cm. In addition to this lens, you are given a lens holder, an optical bench on which the lens and holder can be placed, a 5.0-cm tall candle and matches, and a screen on a holder which can be mounted on the optical bench. Your teacher tells you that you are to produce an image on the screen which is twice as tall as the candle itself. 
(c) On the diagram below, draw and label the equipment so that it is assembled in such a way as to produce this image. Be sure and place each item at an accurate distance, and show any calculations you used to help you find the accurate distances.

[image: image26]
(d) If the lens were placed under water, would the focal length of the lens increase, decrease, or remain the same as in air? Explain.

air





air





glass





θr





θi





θi





total internal reflection





θr





θr = 90˚





θc





θr





θi





θi





40º





water





air





glass





θg





θw








Glass





Violet





Red





Violet





Yellow





Glass





30˚





30˚





V





Y





air





glass





30˚





30˚





Glass





Violet





Yellow





V





Y





air





glass





f





f





f





      15              30              45





     45               30              15





cm





1





2





cm





      15              30              45





     45               30              15





4





5





3





1





2





glass





  3f                   2f                   f





   f                    2f                  3f





  3f                   2f                   f





   f                    2f                  3f





  3f                   2f                   f





   f                    2f                  3f





N





60˚





60˚





0            25          50           75          100       125         150         175       200        250          275        300





Lens


and


Holder





candle





Screen


and


Holder



















































306

_1121101315.unknown

_1121150900.unknown

_1121175004.unknown

_1121185735.unknown

_1121189925.unknown

_1121251139.unknown

_1121185988.unknown

_1121175035.unknown

_1121173562.unknown

_1121102068.unknown

_1121102610.unknown

_1121101623.unknown

_1121093496.unknown

_1121093535.unknown

_1121101285.unknown

_1092306181.unknown

_1121093302.unknown

