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PREVIEW

In this chapter the reflection of light from mirrors is discussed. You will see how reflections are formed by plane and
spherical mirrors, how to construct ray diz:erams for reflecting surfaces, and how to determine magnification.

QUICK REFERENCE

Important Terms

Wave fronts
Surfaces on which all points of a wav+ are in the same phase of motion.
Rays
Lines that are perpendicular to the wa~ e £ronts and point in the direction of the velocity of the wave.
Law of reflection
For light that reflects off a smooth surface, (a) the incident ray, the reflected ray, and the normal to the surface
alf lie in the same plane, and (b) the amgle of reflection equals the angle of incidence.
Yirtual image
An image from which rays of light do noa actually come, but only appear to do so,
Real image
An image from which rays of light aczualty emanate.
Plane mirror
A flat reflecting surface which forms an upright, virtual image that is located as far behind the mirror as the
object is in front of the mirror. In addirtiom, the heights of the image and the object are equal.
Spherical mirror
A reflecting surface that has the shape of & section from the surface of a sphere.
Principal axis
The straight line drawn through the cemter of curvature and the middle of the mirror's surface.
Paraxial rays
Rays that lie close to the principal axis.
Radius of curvature
The distance from the center of curvanure 10 the mirror.
Focal point
A point on the principal axis where parexial rays that are parallel to the principal axis converge after being
reflected from a concave mirror. For a corrvex mirror, it is the point on the principal axis from which such rays
appear to emanate.
Focal length
The distance from the focal point to the maiddle of the mirror.
Magnification
The ratio of the image height to the omject height.

Equations

The focal length of a concave mirror

R (25.1)
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.‘he focal length of a convex mirror:
R (25.2)

The mirror equation:
1 1 l
S+ == 253
N (253)
0
The magnification equation:

Image height di

™ = Object height ~ d_

(25.4)

DISCUSSION OF SELECTED SECTIONS

25.2 The Reflection of Light

Suppose a ray of light is incident on a flac, Normal
reflecting surface, such as the mirror shown in the
diagram. The angle of incidence 8; is the angle thaa

the incident ray makes with respect to the normal to Incident
the surface. The angle of reflection 8; is the angle Ray

that the reflected ray makes with the normal. The
law of reflection states that the incident ray, the
reflected ray, and the normal to the surface all lie im
the same plane, and the angle of reflection equals

. the angle of incidence.

RAeflected
Ray

Example 1
Two plane mirrors are separated by 120°, as the drawing illustrates. If a ray strikes mirror M|, at a 65° angle of

incidence, at what angle 6 does it leave mirror M3?

The ray leaves M { at an angle of 65° with respect to the normal, or %0° - 5% = 25° with respect to the plane of M.
The first reflected ray therefore strikes Mo at an angle off 180° - (120° + 25% = 35° with respect to the plane of My,
The second angle of incidence is 90° - 35° = 55° Finallly, the angle of reflection from Mo, 6, is equal to the angle of
incidence for mirror Mo, which is just 8 = 55°.

B
1
i
\
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HELPFUL SUGGESTIONS

1t is important to remember the sign conventions that are used wilh the mnirror equation and the magnification
equation. These conventions apply to both concave und convex MiITors:

Object distance
dgis+ if the obje:ct is in front of the -nirror (real object).

dgis - if the objesct is behind the mir-or (v irtual object).

fmage distance
d; is + if the imagee is in front of the mirror (real image).

d; is - il the imagze is behind the mirror (vinual image).

Focal length
fis + for a concawe mirror.
fis- foraconvex mirror,

Magnification
m is + for an ima:ze that is upright with respect to the object.
m is - for an imawe that is inverted with respect to the object.

EVERYDAY PHYSICS

The side view mirror on the passenger side of ma:st cars reads "Caur.on, objects are closer than they appear”.
What does this tell you about the type of mirror be:ng used for these side view mirrors?

Set up two pocket mirrors at right angles to one amother and place a sm:all object between them. You'll see three
objects in the mirrors. Change the angle of the mirors and see how mizny images you can obtain. Notice what
happens when the mirrors are nearly facing one ancither.

Convex and concave mirrors are quite commonly Jound in everyday situations. Makeup mirrors use concave
mirrors to provide magnified images of one’s face. Store securily syste:ms usually employ large convex mirrors
which allow large areas of the store to be seen as a single compact image. As you will see in chapler 26,
concave mirrors are used in a type of telescope known as a reflecting tenescope.

"



Quiz answers
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[.a 5.a 9.b

2.¢ 6.¢ 10. a

3.d 7.d It.d

4. b 8.¢ 12.d

Practice Problem 6
Type of Radius of | Focal Object Image Magnif
Mirror Curvature | Length Distance Distance | Real? 1 Inverted? agnit.
Concave 200cm | +10.0 cm | +6.67 cm | -20.0 cm NO NO + 3.0
Plane _ — +5cem | 45cem NO NO + 1.0
Convex 500cm |-250cm | +5.0cm| 4.2 cm NO NO +0.84
2i.73)

Concave 38 cm +19c¢m +25¢cm | +75cem YES YES -3.0
Concave 40.0cm |[+200 cm [+13.3 cm |-40.0 cm NO NO +3.0
Convex 300cm |-15.0cm 1+30.0cm |-10.0cm NO NO +0.33
Concave 300cm |+150 cm j+16.7 cm | +150 cm YES YES -9.0




Section 25.2 The Reflection of Light, Section 253
tion of Images by a Plane Mirror The Formar

1. ssm Two plane mirrors are separated by 120°, as the draw-\.
\

ing illustrates. If a ray strikes mirror M, at a 65° angle of inci-
dence, at what angle 8§ does it leave mirror M, ? -

2. Review Conceptual Example | before attempting this prob-
lem. A person whose eyes are 1.70 m above the floor stands in
front of a plane mirror. The top of her head is 0.12 m above her
eyes. (a) What is the height of the shortest mirror in which she can

see her entire image? (b) How far above the ficor should the bot- .

tom edge of the mirror be placed?
3. A person stands 3.6 m in front of a wall that is covered fioor-

to-ceiling with a plane mirror. His
k - eyes are 1.8 m above the floor.
tl‘:le holds a flashlight between his feet and manages to point i at
. the mirror. At- what angle of incidence must the light strike the
mirror so the light will reach his eyes?

4. Review Conf:eptua] Example 2. Suppose that in Figure 25.9
the two perpendicular plane mirrors are represented by the +:
arfldth-i- y axes of an x, y coordmate system. An object is in from
of these mirrors at & point whose coordinates are x = +2.0 ™
. and y =+ 1.0 m. Find the coordinates that locate each of the
three images. .
5. ssm www Two diverging Ji igi

: rging light rays, originating from the
same point, have an angle of 10° between thcm.mr ﬂ%c Ty
fect from a plane mirror, what is the angle between them? Con-
struct one possible ray diagram that supports your answer.
6. Suppose you walk with a speed ' ‘
' 6 _ of 0.90 m/s toward a plan’
' mirror. \\{hat is the speed of your image relative 1o you, when YoV
velocxty. is (a) perpendicular to the mirror and (b) at an angle !
50.0° with respect to the normal to the mirror? )

*7. A ray of light strikes a plane mirror at a 45° angle of iR l

f:lence. 'I-‘hc mirror is_thcn rotated by 15° into the position sh*?
in red in the drawing, while the incident ray is kept Hed

(1) Through what angle ¢ does the reflected ray rotate? (b) What
js the answer to part (a) if the angle of incidence is 60° instead
of 45°7 :
Reflected ray before

rotation of mirror

Reflected ray after
rotation of mimor

Incident ray

! -g, The drawing shows twe plane mirrors that intersect at an an

ale of 50°. An incident light ay veflects from one mirror and the

;hc other. What is the angle 0 between the incident and outgoin

rays?

Incident

29, ssm A lamp is twice as far in front of a plane mirror a
person is. Light from the lamp reaches the person via two paths
arikes the mirror at a 30.0° angle of incidence and reflects fron
petore reaching the person. It also travels directly to the pers
without reflecting. Find the ratio of the travel time along the
fiected path to the travel time along the direct path.

|ys5°
2) 0.9 m, 0.55m
3) 4o

‘f)S»ce.nW"“'(

5)10°

£ hB*fs 12 m/s
7 300 20 °

£) /00°

?3 /75



Disvecr - Physics

22. A person is viewing the image of a mountain produced by a
concave mirror. The mountain is 4100 m high, and the height of
the image is — 3.2 cm (the minus sign means that the image is in-
verted relative to the object). The image is located 25 cm in front
of the mirror. How far (in meters) is the mountain from the
mirror?

t

Section 25'.4 Spherical Mirrors, Section 25.5 The Formation of
Images by Spherical Mirrors

10. A 2.0-cm-high object is situated 15.0 cm in front of a con-
cave mirror that has a radius of curvature of 10.0 cm. Using a ray
diagram drawn to scale, measure (a) the location and (b) the
height of the image. The mirror must be drawn to scale. 23. Convex mirors are being used to monitor the aisles in a
store. The mirrors have a radivs of curvature of 4.0 m. (a) What is
the image distance if 2 customer is 15 m in front of the mirror?
(b} Is the image real or virtual? (c) If a customer is 1.6 m tall, how
tall is the image?

11. Repeat problem {0 for a concave mirror with a focal length
of 20.0 cm, an object distance of 12.0 cm, and a 2.0-cm-high
object.

12. The image of a very distant car is located 12 cm behind a
convex mirror. () What is the radius of curvature of the mirror?
% {b) Draw a ray diagram to scale showing this situation.

vt 13, ssm Repeat problem 10 for a convex mirror with a radius
. of curvature of 1.00 X 102 cm, an object distance of 25.0 cm, and
| 210.0-cm-high object.

v] 4. Repeat problem 10 for a concave mirror with a focal length
of 7.50 cm, an object distance of i1.0 cm, and a L.O-cm-high

; ubject.
vl A plane mirror and a concave mirror (f = 8.0 cm) are facing
tach other and are separated by a distance of 20.0 cm. An objectis
iPlaCcd 10.0 cm in front of the piane mirror. Consider the light
i from the object that reflects first from the plane mirror and then
from the concave mirror. Using a ray diagram drawn to scale, find

[—— [

the location of the image that this light produces in the concave |
! mirror. Specify this distance relative to the concave mimror. 5

L. S

24. A dentist’s mirror is placed 2.0 ecm from a tooth, The en-
larged image is located 5.6 cm behind the mirror. (a) What kind of
miror (plane, concave, or convex) is being used? (b) Determine
the focal length of the mirror. (c) What is the magnification?
{(d) How is the image oriented relative to the object?

(25. ssm www A small postage stamp is placed in front of a
concave mirfor (radius = R), such that the image distance equals
the object distance. (a) In terms of R, what is the object distance?

{b) What is the magnification of the mimor? (c) State whether the
image is upright or inverted relative to the object. Draw a ray dia-
gram to guide your thinking.

w1 ¥26. (a) Where should a diamond ring be placed in front of a con-
| cave mimor, such that the image is Iwice the size of the ring?
There are two answers, depending on whether the image is npright
or inverted. Express your answers in terms of the radius of curva- »

) ture R, (b) Draw ray diagrams to confirm your answers.
Section 25.6 The Mirror Equation and the Magnification

show and is 27 cin in front of the mirror. The image is 65 cm be-
hind the mirror. Find (a) the focal length of the mirror and (b) the
magnification.

\/" 21. ssm The image behind a convex mirror (radius of curvature

= 68 cm) is located 22 cm from the mirror. (a) Where is the ob-
ject located and (b) what is the magnification of the mirror? De-
termine whether the image is (c) upright or inverted and (d) larger
or smaller than the object.

Equation 1/% *27.  An object is placed in front of a convex mirror, and the size
] . o i of the image is one-third that of the object. What is the ratio 4,/f
| 16. The focal length of a concave mirror is 17 cm. An object is i of the object distance to the focal length of the mirror?
located 38 cm in front of this mirror. Where is the image located? f « . . . .
. ) ) . 28. An object is placed a distance d in front of a mirror whose
v 17, ssm www When viewed in a spherical mirror, the image focal length is f. The magnification is m. Derive an expression for
of a setting sun is a virual image. The image les 12.0 cm behind d_in terms of fand m.
the mirror. (a) Is the mirror concave or convex? Why? (b) What is ! .
the radius of curvature of the mirror? 29. ssm An object is located 14.0 cm in front of a convex mir-
v7 18, Review Conceptual Example 7 as background for this prob- ror, the image being 7.00 cm behind the mirror. A second object.
lem. An object is located 20.0 cm in front of a mirror. If the mimor twice as tall as the first one, is placed in front of the mirror, but at
is a plane mirror, the image distance would be d; = —20.0 cm. a different location. The image of this second object has the same
However, the mirror is convex. Verify that the larger the radius of height as the other image. How far in front of the mirror is the sec-
the mirror is, the closer the image distance is to the value of ond object located?
—:- %()\()1 5:‘131 Do thi.’s lfy ::?E‘cuiating the image distance for a radius 30, A concave mirror has a focal length of 30.0 cm. The distance
of a) 118 cm and {b} 1210 cm. ;)eiwcen an object and its image is 45.0 cm. Find the object and
v 19. A concave mimror (R = 64.0 cm) is used to project a trans- image distances assuming that (a) the object lies beyond the center
_ parent slide onto a wall. The slide is located at a distance of of curvature and (b) the object lies within the focal point.
" 38.0 cm from the mirror, and a small flashlight shines light
. through the slide and onto the mirror. The sefup is similar to that
! in Figure 25.19a. (a) How far from the wall should the mirror be
! located? (b) The height of the obiect on the slide s 1.20 cm. What
is the height of the image? (c) How should the slide be oriented, S,6¢ hew & ﬂ W ﬁ\' /f?'/ Sl
so that the picture on the wall looks normal?
v 20. A clown is using a concave makeup mirror to get ready fora
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Mirrors and the Reflection of Light DiBucci
MULTIPLE CHOICE
1. If you stand 2.0 m in front of 2 plane mirror, how far away would you see the image of yourself?

a)1.0m
b 2.0m
cy4.0m
d}&8.0m

2. Plane mirrors produce images which

a) are always smaller than the actual object.

b) are always larger than the actual object.

¢} are always the same size as the actual object.

d) could be smaller, larger, or the same size as the actual object, depending on the placement of the object.

3. A laser beam strikes a plane's reflecting surface with an angle of incidence of 37¢. What is the angle between the incidem
ray and the reflected ray?

a) 37¢
b) 74
c} 450
d) 90g

4. How far are you from your image when you stand 0.75 m in front of a vertical plane mirror?

8075 m

b 1.3m

¢)3.0m

&) None of the above.

5. A plane mirror forms an image that is

a) real and upright.

h) virtual and upright,

c} real and upside down.

d) virwal and upside down.

6. The angle of incidence

a) must equal the angle of reflection.

b) is always less than the angle of reflection.

c) is always greater than the angle of reflection.

d) may be greater than, less than, or equal (o the angle of reflection.

7. How fast do you approach your image when you approach a vertical plane mirror at a speed of 2 nv/s?

a) i mfs
by 2 m/s
c)d4 mis
d) None of the above.

T

8 An object is Jlocated 2.6 miin front of a plane mirror. The image formed by the mirror appears to be

) 1.3 min front of the mirror.

b) on the mirror's surface.

¢) 1.3 sm behind the mirror's surtace,
&) 2.6 m behind the mirror's surface.

9. A concave mirror with a radius of 20 cm creates a real image 30 cm fram the mircor. What is the object distance?



2) 20 cm
h) 5 cm
c)7.5cm
d)5.0¢em

10. When a person stands 40 cm in front of a cosmatic mirror (concave mirror), the erect image is twice the size of the object.
What is the focal length of the mirror?

ay 27 cm

by 40 cm

¢y 80 cm .

d&) 160 ¢m

11 A person’s face is 30 cm in front of a concave shaving mirror. [F the image is an erect image §.5 times as large as the

object. what is the mirror's focal length?

a) 20 ¢cm
k) 50 cm
¢) 70 cm
) 90 cm

12. An object is placed 13 cm from « coneave misror of focal fength 20 cm. The ohject is 4.0 cm tall. How tall is the image?

a) LOem
b 2.0c¢m
¢} 8.0cm
dy lGem

13. An object is placed 15 em from a conguve mirror of focal length 20 cm. The object is 4.0 cm all. Where is it located?

al2em
B) I53¢em
¢) G0 cm
dy 120 cm

14. A spherical concave niirror has a radius of curvature of 50 cm. How far from the mirror is the focal point located?
a4)25cm

b) 30 cm

c) 75 em

d)y 100 ¢m

LS. A light ray, traveling parallel to a concave mirror's axis, strikes the mirror's surface near its midpoint. After reflection, this
a) again travels parallel to the mirror's axis.

b} travels at right angles 10 the mirror's axis.

c) passes through the mirror's center of curvature.

¢l) passes through the mirror's focal point.

16. A light ray. traveling obliquely 10 a concave mirror's axis, crosses the axis at the mirror's center of curvature betore siriking
the mirror's surtace. After reflection, this ray

a) traveis parallel to the mirror's axis.

b) travels ot right angles Lo the mirror's axis.

c) passes through the mirror's center of curvature.
d) passes through the mirrer's focal point.

17. A negative magnification for a mirror means

a) the image is inverted. and the mirror is concave,



b) the image is inverled, and the mirror is convex.

¢) the image is inverted, and the mirror may be concave or convex,
) the image is upright, and the mirror is convex.

e} the image is upright. and the mirror may be concave or convex.

18. Which of the following is an accurate statement?

a) A mirror always forms a real image.

b) A mirror always forims a virtual image.

¢) A mirror always forms an image larger than the object.
&) A mirror always forms an image smaller than the object.
e} None of the above is true.

19. Sometimes when you look into a curved mirror you see a magnified image (a great big you!) and sometimes you see a
diminished image (a little you). 1f you look at the bottom {convex} side of a shiny spoon, what will you see?

a) You won't see an image of yourself because no image will be formed.

b) You will see a little you, upside down.

¢) You will see alittle you, right side up.

d) You will see a little you, but whether you are right side up or upside down depends on how near you are to the spoon,
e) You will either see a little you or a great big you, depending on how near you are to the spoon.

20. If you stand in front of a convex mirror, ai the same distance from it as its radius of curvature,

a) you won't see your image because there is none,

b) you won't see your image hecause it's focused at a dilferent distance.
¢} you will see your image and you will appear smaller.

d) you will see your image and you will appear {arger.

&) you will see your image at your same height.

21 if you stand in front of a convex mirror. at the same distance from it as its focal jength,

a) you won't see your image because there is none.

b) you won't see your image because it's focused ot a different distance,
€) you will see your image and you will appear smaller.

d) you will see your image and you will appear larger.

€) you will see your image at your same height.

22. If you stand in front of a concave mirror, exactly at its center of curvature,

a) you won't see your image because there is none.

b} you won't see your image because it's focused at a different distance.
c) you will see your image and you will appear smaller.

d} you will see your image and you will appear larger.

2) vou will see your image at vour same height

23, If yau stand in front of a concave mirror, exactly at its focal point,

&) you won't see your image because there is none.

b) you won't see your image because it's focused at a ditterent distance.
c) you will see your image. and you wiil appear smaller,

d) you will see your image and you will appear larger.

e) you will see your image at your same height.

24, A light ray. traveling obliquely to a concave mirror's surface, crosses the axis at the mirror's focal point before striking the
mirror's surtace. After reflection, this ray :

a) travels paralle! to the mirror’s axis.

b) travels at right angles to the mirror's axis.

¢) passes through the mirror's center of curvature.
d) passes through the mirror's focal point.



25. An object is placed at a concave mirror's center of curvature. The image produced by the mirror is located

a) out beyond the center of curvature.

b) at the center of curvature.

¢) between the center of curvature and the focal point.
d) at the tocat point. .
26. An abject is positioned between a concave mirror's center of curvature and its focal point. The image produced by the
mirror is located

a} out past the center of curvature.

b) at the center of curvature.

¢) between the center of curvature and the focal paint.
<) at the focal point.

27. An cbject is situated between a concave mirror's surface and its focat point. The image formed in this case is

a) real and inverted.

b) real and erect.

¢} virtual and erect.

d) virtual and inverted.

28. An object is 47.5 cm tall. The image is 38.6 em tall, and 14.8 cm from the mirror. How far is the object from the nirror?

a} 124 cm
b} 47.6 cm
¢) i8.2cm
d)y12.0cm

29. An object is 14 ¢m in front of a convex mirror. The image is 5.8 cm behind the mirror. What is the focal length of the
mirror?

a)-4.1 ecm
b)-8.2 cm
¢)-9.9¢cm
d) -20 cm

30. An image is 4.0 cm behind a concave mirror with focal kength 5.0 cm. Whare is the object?

a) 2.2 cm in front of the mirror.
b} 2.2 cm behind the mirror.
¢) 9.0 cmi in front of the mirror.
d) 1.0 cm behind the mirror.

31, A ohject is 12 ¢m in [ront of a concave mirror, and the image is 3.0 cm in front of the mirror. What is the focal length of
the mirror?

a)15cm
by 7.9 cm
¢) 2.4 cm
d)yi.3cem

32, An abject is 10 ¢m in front of a concave mirror with focal length 3 cm., Where is the image?
a) 13 ¢cm from the mirrar
b) 7.0 cm from the mirror

¢) 4.3 ¢m trom the mirror
d) 3.3 cm from the mivrer

i3 Light arriving at a cancave mirror an a path through the focal point is reflected

ay back paralel to the axis.



b} back on itself.
¢) through the focal poeint.
dy through the center of curvature,

34, Light arriving at a concave mirror on a path paraliel to the axis is reflected

a) back parallel to the axis.

b} back on itselt.

¢) through the focal point.

d) through the center of curvature.

as. [f the radius of curvature of the cancave mirror is r, the focal length is

a) 2r

r

cyi/2

d) Cannot be determined trom the information given.

36. A single concave spherical mirror produces an image which is

a) always virtal,

b) always real.

c) real only if the object distance is less than £,

d) real only if the object distance is greater than f.

37. A single convex spherical mirror produces an image which is

a) always virtual.

b) always real.

c} real only if the object distance is less than £

d) real only if the object distance is greater than £

38. A convex spherical mirror has a focal length of -20 em. An object is placed 10 cm in front of the mirrer an the mirror's
axis. Where is the image located?

a) 20 cm behind the mirror,
b) 20 cm in front of the mirror.
¢} 6.7 cm behind the mirror.
d} 6.7 cm in front of the mirror.

30. A concave spherical mirror has a focal length of 20 em. An object is placed 10 cm in front of the mirror on the mirror's
axis. Where is the image located?

a) 20 cm behind the mirror.

) 20 e in front of the mirror.

¢) 6.7 ¢ behind the mirror.

d) 6.7 cm in front of the mirror.

40, A convex spherical mirror has a focal length of -20 em. An object is placed 30 ¢m in front of the mirror on the mirror's
axis. Where is the image located?

a) 12 em in front of the mirror.
b) 60 ¢cm behind the mirror,

¢) 60 cm in front of the mirror.
&) None ot the above,
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113. Refraction of light at a boundasr.: Snell's law. (Fig. 22.7)
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502 THE REFRACTION OF LIGHT: LEMSES AND OPTICAL INSTRUMENTS

I 5. Fill-in the following table for a single lens. Include the appropriate signs on ALL numbers.

@ ® - =
o Q 5 o
= c c e i
o = o T = Sy
2 k2 o pa g 3
2 o G = £ E
= ) oA o 2 =
Q B o m ‘o @
2 2 £ = o 2
Lens Type o = =
converging 25cem | |5 cm
converging 22eom | 422cm
1
diverging 12 cm .50
:
diverging 11 em 5cm
8 cm 18 cm v

6. Two converging lenses with focal lengths 15 cn and 235 cm are placeed 18 cm apart. An object is located 8.0 cm
to the left of the 15 cm focal length lens. Where its the final image formed?

7. A converging lens is used to read the small print in a contract. The lens is held 9.0 cm from the print and
produces a magnification of + 2.5. What is the fescal length of the lems?

8. A camera is supplied with a 35.0 mm focal lengch lens. A 2.00 m talll man stands 16.0 m from the camera and
has his picture taken. What is the stze of the imaze of the man that tne lens produces on the film?




512 THE REFRACTION OF LIGHT: LEMNSES AND OPTICAL INSTRUMENTS

. Practice Problem 5

o @ .'g,

2 = = &

5 ke g 2 E S

o 7] k] o 3 =

S < S s £ ©

= — @ = - [}

E b} > S 3 %

Lens Type 8 3 £ £ o g
converging +25cmi+ |5cm | -38em|4 2.5 v up
converging +11 em|+ 22cm | +22cm | -1.40 R iny
diverging 24 emf+24 em .12 cm |+ 0.30 v up
diverging -llem [+9.2emi| -Scm |[+0.54 v up
converging |4+ 8cm [+14 em{+18cm | -1.3 R inv
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! Section 26.1 The Index of Refraction

. ssm What is the speed of light in benzene? m
2. Light travels at a speed of 2.201 X 10* m/s in a certain sub- IB ()\)([ 0 <
stance. What substance in Table 26.1 could this be? Use 2.998 X M
10® m/s for the speed of light in a vacuum. ’&) 'f;H\ ¥ l ﬂ’(co
3. Find the ratio of the speed of light in diamond to the speed of
light in ice. ?) 0'5(7{//
4. The frequency of a light wave is the same when the light trav- ‘/) /« / ?f
els in ethyl alcohol as it is when it travels in carbon disulfide. Find Y
. the ratio of the wavelength of the light in ethyl alcohol to that in ﬁ i ){J O S
; carbon disulfide.
5. ssm www A glass window (n = 1.5) has a thickness of J ) iy 8’ 00

4.0 X 1072 m. How long does it take light to pass perpendicularly

i through the plate? | 7) /—L{ O

_6. The-s;_:eedkof light is 1.25 times larger in material A than it is 5' ) 17 /; ol b
in materiai B. Determine the ratio n, ny of the refractive indices
of these materials.

*7. In a centain time, light travels 3.50 km in a vacuum. During

the same time, light travels only 2.50 km in a liquid. What is the
refractive index of the liquid?

*8. A flat sheet of ice has a thickness of 2.0 cm. It is on top of a
flat sheet of crystalline quartz that has a thickness of 1.1 cm. Light
strikes the ice perpendicularly and travels through it and then
through the quartz. In the time it takes the light to travel through

the two sheets, how far {in cm) would it have traveled in a
vacuum?

Table 26.1 Index of Refraction® for Various

j Substances
3 Substance Index of Refraction, n
i Solids at 20 °C
. Diamond 2.419
Ice (0 °C) 1.309
Sodium chloride L.544
Quartx
Fused 1.458
Liquids at 20 °C
Berzene 1.501
Carbon disulfide 1.632
Carbon tetrachloride 1.461
Ethy! alcohol 1.362
Water 1.333
Gases st 0°C, 1 atm
Alr 1.000 293
Carbon dioxide 1.000 45
Oxygen, O, 1.000 271
Hydrogen, H, 1.000 139

* Measured with light whose wavelength tn a vacwum i
589 nen



Section 26.2 Snell’s Law and the Refraction of Light

9. ssm A light ray in air is incident on a water surface at g 43°
angle of incidence. Find (a) the angle of reflection and (b) the an-
gle of refraction.

10. A layer of oil (n = 145) fioats on an unknown liquid. A ray
of light shines from the oil into the unknown liguid. The angles of
incidence and refraction are, respectively, 65.0° and 53.0°. What is
the index of refraction of the unknown liquid?

11. A ray of light is propagating in water and strikes a plate of
fused quanrtz. The angle of refraction in the quartz is measured to
be 36.7°. What is the angle of incidence?

12, Refer to Conceptual Example 7 as an aid in understanding
this problem. The drawing shows a ray of light traveling through a
gas (n = 1.00), a solid (n = 1.55), and a liquid (n = 1.55). At
what angle 8 does the light enter the liquid? *

13. ssm The drawing shows a coin resting on the bottom of a
beaker filled with an unknown liquid. A ray of light from the coin
travels to the surface of the liguid and is refracted as it enters into
the air. A person sees the ray as it skims just above the surface of
the liquid. How fast is the light traveling in the liquid?

*17. ssm www In Figure 26.7, suppose that the angle of inci-

i
i
H

dence is 8, = 30.0°, the thickness of the glass pane is 6.00 mm.

: and the refractive index of the glass is n, = 1.52. Find the amount

(in mm) by which the emergent ray is displaced refative to the in-

. cident ray.

f* 18. A silver medallion is sealed within a transparent block i

i
I

plastic. An observer in air, viewing the medallion from directh
above, sees the medallion at an apparent depth of 1.6 ¢m beneath
the top surface of the block. How far below the top surface would
the medallion appear if the observer (not wearing goggles) and the
block were under water?

*19. Refer to Figure 26.5a and assume the observer is nearly

i
5

above the submerged object. For this situation, derive the expres-
sion for the apparent depth: d’ = d(ny/n, ), Equation 26.3, (Hint:
Use Snell’s law of refraction and the Jfact that the angles of inc.-
dence and refraction are small, so tan 6 = sin a)

*20. Review Conceptual Example 4 as background for this prab-

lem. A man in a boat is looking straight down at a fish in the water
directly beneath him. The fish is Tooking straight up at the man.
They are equidistant from the air/water interface. To the man, the
fish appears to be 2.0 m beneath his eyes. To the fish, how far
above its eyes does the man appear to be?

%21, ssm A small logo is embedded in a thick block of crown

glass (n = 1.52), 3.20 cm beneath the top surface of the glass. The
block is put under water, so there is 1.50 cm of water above B
top surface of the block. The logo is viewed from directly abme
by an observer in air. How far beneath the top surface of the waler
does the logo appear to be?

*22. A beaker has a height of 30.0 cm. The lower half of e

beaker is filled with water and the upper half is filled with oil (2 =

1.48). To a person looking down into the beaker from above, what

——5.00 cm—] b ! is the apparent depth of the bottorn?

]f-w—-ﬁ.OO CM——sf

' 9\ 30
10y 144

INHOE°
12Y21.7°

13) )92 xcof
’%B,Qem

15) 2 % dAecrsast

» 14. Amber (n = 1.546) is a transparent brown-yellow fossil
resin, An insect, trapped and preserved within the amber, appears *

10 be 2.5 ¢m beneath the surface, when viewed directly from
sbove, How far below the surface is the insect actually located?

15. A beam of light impinges from air onto a block of ice at 2
60.0° angle of incidence. Assuming that this angle remains the
same, find the percentage by which the angle of refraction
changes when the ice turns to water, and state whether the change

is an increase or a decrease. 8Yir.1 w
16. A spotlight on a boat is 2.5 m above the water, and the light 1 ]
strikes the water at a point that is 8.0 m horizontally displaced ) l 1Fuam
from the spotlight (see the drawing). The depth of the water is ! g) 2. em
4.0 m. Determine the distance d, which locates the point where the
light strikes the bottom. H) A /. I‘. ) 0(

1

18 ) },7 "
z2l) 3-23cm

F2) gl dewm




iection 26.3 Total Tnternal Reflection

#%.|- A ray of light is traveling in glass and strikes a glass/liquid
laterface. The angle of incidence is 58.0°, and the index of refrac-
fon of glass is n = 1.50. (2) What must be the index of refraction
of the liguid such that the direction of the light entering the liquid
% not changed? (b) What is the largest index of refraction that the
liquid can have, such that none of the light is transmitted into the .
liquid and all of it is reflected back into the glass?

A5 ': . ssm One method of determining the refractive index of a
{fansparent solid is to measure the critical angle when the solid is
I'1n air. If 8, is found to be 40.5°, what is the index of refraction of
 the solid?
261" Light is propagating from diamond into crown glass.
i 3) Find the critical angle. (b) Is there a critical angle for light
; propagating from crown glass into diamond? If so, find its value.
2217 A glass block (n = 1.60) is immersed in a liguid. A ray of
! Jight within the glass hits a glass~liquid surface at 2 65.0° angle
~ of incidence. Some of the light enters the liquid. What is the
I smallest possible refractive index for the fiquid?

22! . A point source of light is submerged 2.2 m below the surface

_ of a lake and emits rays in all directions. On the surface of the

jake, directly above the source, the area illuminated is a circle.
What is the maximum radius that this circle could have?

24! - ssm A person is sitting in a small boat in the ocean. A
_ ¢hark is swimming under water at a depth of 4.5 m. When the
}; shark is beyond a certain distance (measured horizontally) from
[ +he boat, the shark cannot be seen. Assume that the person’s eyes
| Ave very near the surface of the water and find that distance.

F6. -: . The drawing shows a crown giass siab with a rectangular
{ ¢ ross section. As illustrated, a laser beam strikes the upper surface
 of an angle of 60.0°. After reflecting from the upper surface, the
| meam reflects from the side and bottom surfaces. (a) If the glass is
| Searrounded by air, determine where part of the beam first exits the
| ¢lass, at point A, B, or C. (b) Repeat part (a), assuming that the

£-lass s surrounded by water.

Crown glass
3/, ¢

; Three materials, A, B, and C, have refractive indices n,, nyg,

o

and n,. The materials are in the form of paralle] plates and are

stacked on top of one another with A on the bottom and B in the

middle. A ray of light originates in material A and strikes the A-B
¢ surface with an angle of incidence @, . It is observed that the light
- penetrates into material B only when 6, is less than 50.0° and pen-
etrates into material C only when 8, is less than 30.0° Findd
ngin, and ngin:.

{*32. The drawing shows a crystalline guartz siab with a rectangu-
lar cross section. A ray of light strikes the slab at an incident angle
of 6, = 34°, enters the quartz, and travels to point P. This slab is
surrounded by a fluid with a refractive index n. What is the maxi-
mum value of r such that total internal reflection occurs at

point P?
p

M) -5, .27

25) |59

26) 39.9° No crhesd prgle
27) Vdy

28)9-5m

2 5 m

38) 493, B, A

30 0.766, /.53

32) .35




Section 26.5 The Dispersion of Light: Prisms and Rainbows

41. ssm A beam of sunlight encounters a plate of crown glass
at a 45.00° angle of incidence. Using the data in Table 26.2, find
the angle between the violet ray and the red ray in the glass.

42. Yellow light strikes a diamond at a 45.0° angle of incidence
and is refracted when it enters the diamond. Blue light strikes a
piece of flint glass and has the same angle of refraction as does the
yellow light in the diamond. See Table 26.2 for data. What is the
angle of incidence of the blue light?

43. Horizontal rays of red light (A = 660 nm, in vacuum) and
violet fight (A = 410 nm, in vacuum) are incident on the flint-
glass prism shown in the drawing. See Table 26.2 for any neces-
sary data. What is the angle of refraction for each ray as it
emerges from the prism?

25,00
Red and viclet
light
90":
90.0°

44. Violet light and red light travel through air and strike a black
of plastic at the same angle of incidence. The angle of refraction is
30.400° for the violet and 31.200° for the red light. The difference
between the indices of refraction is ny — ny = 0.0400, where ny
and ny are the indices of refraction of the violet and red light, re-
spectively. Delaying any rounding off of calculations until the
very end, find {a) n,, and (b) ng.

*45. ssm This problem relates to Figure 26.19 which illustrates
the dispersion of Tight by a prism. The prism is made from flint
glass (see Table 26.2), and its cross section is an equilateral trian-
gle. The angle of incidence for both the red and viotet light is
60.0°. Find the angles of refraction at which the red and violet
rays emerge into the air from the prism.

#46. Refer to Conceptual Example 7 as background material for
this problem. The drawing shows a horizontal beam of light that is
incident on an ice prism. The base of the prism is also horizontal.
The prism {n = 1.31) is surrounded by cil whose index of refrac-
tion is 1.48. Determine the angle @ that the exiting light makes
with the normal to the right face of the prism.

4N p, 35 ¢
4y)29.5°
¥3)44.6% 45.7°
44) 173, .69
y5) 5277 66.2°
46) 2.0.4°

s



DiBuce s

i Section 26.6 Lenses, Section 26.7 The Formation of Images b
| Lenses, Section 26.8 The Thin-Lens Equation and the Magni
! cation Equation

‘ (Note: When drawing ray diagrams, be sure that the object
"height b, is much smaller than the focal length f of the lens or
“mirvor. This ensures that the rays are paraxial rays.)

%-47. A figurine is placed 15.0 em in front of a converging le
i (f = 40.0 cm). Using a ray diagram drawn to scale, find (a) t

; image distance and (b) the magnification.

¢ 48, When a diverging lens is held 13 cm above a line of print,
"in Figure 26.30, the image is 5.0 cm beneath the lens, What is t
; focal length of the lens?

: 49, ssm A macroscopic (or macro) lens for a camera is usua)
i & converging lens of normal focal length built into a lens ban
that can be adjusted to provide the additional lens-to-film distan.
needed when focusing at very close range. Suppose that 2 mac
lens (f= 50.0 mm) has a maximum lens-to-film distance
275 mm. How close can the object be located in front of the len

50. A tourist takes a picture of a mountain 14 km away using
camera that has a lens with a focal length of 50 mm. She th
takes a second picture when the mountain is only 5.0 km awa
‘What is the ratio of the height of the mountain®s image on the fil

for the second picture to its height on the film for the first pictun

51, A converging lens (f = 12.0 cm) is held 8.00 cm in fro
of a newspaper. Find (a) the image distance and (b} t
magnification.

52. A diverging lens has a focal length of —25 cm. (a) Find tt
image distance when an object is placed 38 cm from the len
! {b) Is the image real or virtual?

i 53. ssm An object is located 30.0 cm 10 the left of a convergir.
i lens whose focal length is 50.0 cm. (a) Draw a ray diagram !
{ scale and from it determine the image distance and the magnifici
, tion. (b) Use the thin-lens and magnification equations to veril
é your answers o part (a).

t 54. A diverging lens has a focal length of —32 cm. An obiect
. placed 19 cm in front of this lens. Calculate (a) the image distanc
{ and (b) the magnification. Is the image (c) real or virtual, (d) uf
; right or inverted, and (e) enlarged or reduced in size?

'85. A camera is supplied with two interchangeable lense:
" whose focal lengths are 35.0 and 150.0 mm. A woman whos
 height is 1.80 m stands 8.00 m in front of the camera. What is th
3 height (including sign} of her image on the film, as produced b
i (a) the 35.0-mm lens and (b) the 150.0-mim lens?

356. A camper is trying to start a fire by focusing sunlight ono

{ piece of paper. The diameter of the sun is 1.39 X 10° m and il

' mean distance from the earth is 1.50 X 10" m. The camper is U*
ing a converging lens whose focal length is 10.0 cm. (2) What!
the area of the sun's image on the paper? (b) If 0.530 W of sun
light pass through the lens, what is the intensity of the sunlight #
the paper?

*57. ssm An object is 18 cm in front of a diverging lens that hi

a focal length of —12 cm, How far in front of the lens should the

*58. An object is in front of a converging lens ( J = 0.30 m). The
magmh:cation of the lens is m = 4.0. (a) Relative to the lens, in
what direction should the object be moved so that the magnifica-

tion changes to m = ~4.07 (b) Through what distance should the
object be moved?

*59. ssm www The moon’'s diameter is 3.48 X 10° m and its
mean distance from the earth is 3.85 X 10® m. The moon is being
photographed by a camera whose lens has a focal length of
50.0 mm. (a) Find the diameter of the moon’s image on the slide
film. (b) When the slide is projected onto a screen that is 150 m

from the lens of the projector (£ = 110.0 mm), what is the diame-
ter of the moon’s image on the screen?

*60. From a distance of 72 m, a photographer uses a telephoto
fens (f = 300.0 mm) to take a picture of a charging rhinoceros.
How far from the rhinoceros would the photographer have to be to

record an image of the same size using a lens whose focal length
is 50.0 mm?

*#6]. The equation

is called the Gaussian form of the thin-lens equation, The drawing
shows the variables d,,, d;, and f. The drawing also shows the dis-
tances x and x’, which are, respectively, the distance from the ob-
ject to the focal point on the left of the lens and the distance from
the focal point on the right of the lens to the image. An equivalent
form of the thin-lens equation, involving x, x*, and [ is called the
Newtonian form. Show that the Newtonian form of the thin-lens
equation can be written as xx’ = f2,

~
d, 4

-
A

LENS

e

™*62. A converging lens (£ = 25.0 cm) is used to project an image

of an object onto a screen. The object and the screen are 125 cm
apast, and between them the lens can be placed at either of two lo-
cations. Find the two object distances.

55) ~7-@xc0 P, = 3.9 xco P
5"6')6»74“0"213 7. 84 %03 wWfm

$7) Vem
F8) Awnty Goa lewt  p, /57
59) 4520 ¢ /2 oo m

object be placed so that the size of its image is reduced by a factor §0) 12 m
of 2.0? ,
5 . 52) ~/Sem g1 j‘( RoT SO Fst. y
47) - L{ch /' 6—-3) ‘75‘69"1\)1{2'5- 6_1-3 see s R er\JCCI S

HE) - Bdcm gova.g Satupins ]

H9Y £].) mm

- 7fch12-)—c w

5;) -#dem 6‘:’) ~lice, fé‘j)vmrum.
F3-0 verig it Reducee!



The Eye

In many respects the human eye is similar to the camera. The
amount of light that enters is regulated by the iris, the colored
part of the eye which surrounds the opening called the pupil.*
Light enters through the transparent covering called the comea,
passes through the pupil and lens, and is focused on a layer of
tissue at the back of the eye-—the retina—that is more sensitive
to light than any artificial detector made. Different parts of the
retina receive light from different directions.

The retina is not uniform. There is a small region in the center
of our field of view at which we have the most distinct vision.
This spot is called the fovea. Much greater detail can be seen
here than at the side parts of the eye.

There is also a spot in the retina where the nerves carrying all
the information run out. This is the blind spot. You can demon-

CORNEA

7
OPTIC NERVE
Fig. 30-18 The human eye.

* The hole of the pupil usually fooks black because light is going in but not
coming out. Sometimes in flash photos, the light from the flashbulb enters the
eve at just the right angle to reflect off the retina at the back of the eye. That's
why flash photographs sometimes show the pupils to be pinkish.

strate that you have a blind spot in each eye if you hold this book
at arm’s length, close your left eye, and look at the circle in Fig-
ure 30—-19 with only your right eye. You can see both the circle
and the X at this distance. If you now move the book slowly to-
ward your face, with your right eye still fixed upon the circle,
you'll reach a position about 20 to 25 cm from your eye where
the X disappears. To establish the blind spot in your left eye,
close your right eye and similarly look at the X with your left eye
so that the circle disappears. With both eyes opened, you'll find
no position where either the X or circle disappears because one
eye “fills in” the part of the object to which the other eye is blind.
[t's nice to have two eyes.

o) x

Fig. 30-19 For the blind spot experiment.

In both the camera and the eye, the image is upside down,
and this is compensated for in both cases. You simply turn the
camera film around to look at it. Your brain has learned to turn
around images it receives from your retina! ‘

A principal difference between a camera and the human eye
has to do with focusing. In a camera, focusing is accomplished
by altering the distance between the lens and the film. In the
human eye, most of the focusing is done by the cornea, the trans-
parent membrane at the outside of the eye. Adjustments in focus-
ing of the image on the retina are made by changing the thickness
and shape of the lens to regulate its focal length. This is called
accomodation and is brought about by the action of the ciliary
muscle, which surrounds the lens. '

NORMAL DISTANT V
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ISION NORMAL CLOSE VISION



Name Per. date

Converging and Diverging Lenses
DiBucci

Directions:

1. For each of the following lenses make an accurate ray diagram to locate
the image. Record the image distance and magnification factor. State if it
is a real, virtual, magnified reduced, upright or inverted image.

2. Use the thin lens equation to calculate the image distance and

magnification factor.

Show your work for each one on the page provided.

2. Verify that the results from part 1 are the same as part 2.

Helpful information to be used with the lens equation:

REASONING STRATEGY

Summary of Sign Conventions for Lenses
Focal length
fis + for a converging lens.
fis — for a diverging lens.
Object distance
d, is + if the object is to the left of the lens (real object), as is usual.
d, is — if the object is to the right of the lens (virtual object).*
Image distance
dy is + for an image (real) formed to the right of the lens by a real objecty
d,is — for an image (virtual) formed to the left of the lens by a real object
Magnification -
mis + for an image that is npright with respect to the object.
m is — for an image that is inverted with respect to-the object.
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Name

Converging and Diverging Lenses
' DiBucci

Directions:

1. For each of the following lenses make an accurate ray diagram to locate
the image. Record the image distance and magnification factor. State if it
is a real, virtual, magnified reduced, upright or inverted image.

2. Use the thin lens equation to calculate the image distance and
magnification factor.
Show your work for each one on the page provided.

2. Verify that the results from part | are the same as part 2.

Helpful information to be used with the lens equation:

REASONING STRATEGY

Summary of Sign Conventions for Lenses
Focal length
fis + for a converging lens.
fis — for a diverging lens.
Objec: distance
d, is + if the object is to the lefi of the lens (real object), as is usual.
d, is — if the object is to the right of the lens (virtual object).*

Image distance
dy is -+ for an image (real) formed to the right of the lens by a real object,
d; is — for an image (virmal) formed to the left of the lens by a real objégé

-

Magnification '
m is -+ for an image that is upright with respect to the object.
m is — for an image that is inverted with respect to'the object.
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MIRRCOR + LENS REVIEW SHEET

PR,

Compiete the following table. As an example. the first row of the table shows a completed set of data,

& N

N N N - N N

Type of Radius of | Focal Object Image Magaif
I : agnif.
Mirror Curvature | Length Distance Distance | Real? | Inverted? g
Concave | 200cm  (410.0cm|+6.67 cm |-200cm | NO NO +3.0
Plane —_— —_— +45 cm
50.0cm +5.0 cm +0.84
+75 cm - 3.0
+20.0 cm -40.0 cm
0.33
Convex -10.0 cm (sign?)
Concave | 30.0cm +150 cm
Fill-in the following table for a singte lens. Imclude the appropriate signs on ALL numbers.
=
& 3 5 2
“ C s
£ 3 o b = S
2 @ @ o 3 S
o - o = E i
F El S = = 5
0 @2 © g g >
2 o E 2 £
Lens Type e =
; converging 25cm | |5em
g converging 2em | 422 em
& diverging 12 cm 0.50
L diverging 1l cm 5cm
£ 8 cm 18 cm inv




