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which gives mirror 2.75mm.D =  

  

Thus the area on the mirror is 

  ( )
2

2 3 6 21 1
mirror mirror4 4

2.75 10 m 5.9 10 m .A D! ! " "= = # = #  

6. For the first reflection at A the angle of incidence 1$  is the  

 angle of reflection.  For the second reflection at B the angle of  

 incidence 2$  is the angle of reflection.  We can relate these  

 angles to the angle at which the mirrors meet, ,%  by using the  

 sum of the angles of the triangle ABC: 

  ( ) ( )1 2 1 290 90 180 , or .% $ $ % $ $+ ° " + ° " = ° = +  

 In the same way, for the triangle ABD, we have 

  ( )1 2 1 22 2 180 , or 180 2 180 2 .& $ $ & $ $ %+ + = ° = ° " + = ° "  

 At point D we see that the deflection is  

  ( )180 180 180 2 2 .' & % %= ° " = ° " ° " =  

7. The rays from the Sun will be parallel, so the image will be at the focal point.  The radius is 

  2 2(18.0cm) 36.0cm.r f= = =  

8. To produce an image at infinity, the object will be at the focal point: 

  o

(23.0cm)
11.5cm.

2 2

r
d f= = = =  

9. The ball is a convex mirror with a focal length 

  
( )4.5cm

2.25cm.
2 2

r
f

"
= = = "  

 We locate the image from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
( ) ( )i

1 1 1
,

30.0cm 2.25cmd

' ( ! "
+ =) * # $

") * % &+ ,
which gives i 2.09cm.d = "  

 The image is  2.09 cm behind the surface, virtual.  

 The magnification is 
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i

o

2.09cm
0.070.
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d
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" "
= " = = +  

 Because the magnification is positive, the image is  upright.   
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10. We find the image distance from the magnification: 

  i i

o o

;
h d

m
h d

!
= =  

  
( )

i3 ,
1.4m

d!
+ =  which gives i 4.2m.d = !  

 We find the focal length from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
( ) ( )

1 1 1
,

1.4m 4.2m f

' ( ' (
+ =) * ) *

!) * ) *+ , + ,
 which gives 2.1m.f =  

 The radius of the concave mirror is 

  ( )2 2 2.1m 4.2m.r f= = =  

 

11. We find the image distance from the magnification: 

  i i

o o

;
h d

m
h d

!
= =  

  
( )

i4.5 ,
2.20cm

d!
+ =  which gives i 9.90cm.d = !  

 We find the focal length from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
( ) ( )

1 1 1
,

2.20cm 9.90cm f

' ( ' (
+ =) * ) *

!) * ) *+ , + ,
 which gives 2.83cm.f =  

 Because the focal length is positive, the mirror is  concave  with a radius of  

  ( )2 2 2.83cm 5.7cm.r f= = =  

 

12. We find the image distance from the magnification: 

  i i

o o

.
h d

m
h d

!
= =  

  
( )

i
i0.33  which gives 6.60m.

20.0m

!
+ = = !

d
d  

 We find the focal length from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
( ) ( )

1 1 1
,

20.0m 6.60m

' ( ' (
+ =) * ) *

!) * ) *+ , + , f
 which gives 9.85m.= !f  

 Because the focal length is negative, the mirror is  convex . (Only convex mirrors produce images  

that are right-side-up and smaller than the object. See also Example 23-4.) The radius is 

  ( )2 2 9.85m 19.7 m.= = ! = !r f  
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13. (a) We see from the ray diagram that  

  the image is behind the mirror, so it is  

  virtual.  We estimate the image   

  distance as 7cm.!  

 (b) If we use a focal length of 10cm,!  we 

  locate the image from 

   
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

   
( ) ( )i

1 1 1
,

20cm 10cmd

' ( ! "
+ =) * # $

!) * % &+ ,
which gives i 6.7cm.d = !  

 

 (c) We find the image size from the magnification: 

   i i

o o

;
h d

m
h d

!
= =  

   
( )

( )
( )

i
6.7cm

,
3.00mm 20cm

h !
= ! which gives i 1.0mm.h =  

 

14. We find the image distance from the magnification, noting an upright image as in Fig. 23-46. 

  
( )

i i i

o o

0.5 ,
3.0m

h d d
m

h d

! !
= + = = =  which yields 

( )
( )i

3.0m
1.5m.

0.5
d

!
= = !

+
 

 The thin lens equation gives the inverse focal length 

  
( ) ( )o i

1 1 1 1 1
, so 3.0m.

3.0m 1.5m
f

f d d

' ( ' (! " ! "
= + = + = !) * ) *# $ # $

!) * ) *% &% & + , + ,
 

 The radius of the mirror is ( )2 2 3.0m 6.0m.r f= = ! = !  

 

15. (a) With i o ,d d=  we locate the object from 

   
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

   
o o

1 1 1
,

d d f

! " ! "
+ =# $ # $

% & % &
 which gives o 2 .d f r= =  

  The object should be placed at the  center of curvature.  

 (b) Because the image is in front of the mirror, i 0,d >  it is  real.  

 (c) The magnification is  

   oi

o o

1.
dd

m
d d

!!
= = = !  

  Because the magnification is negative, the image is  inverted.  

 (d) As found in part (c),  1.m = !  

 

16. We take the object distance to be !, and find the focal length from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &
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24. We find the index of refraction from 

  ;
c

v
n

=  

  
( )8

8
3.00 10 m s

2.29 10 m s ,
n

!
! =  which gives 1.31.n =  

 

25. We find the index of refraction from 

  ;
c

v
n

=  

  water

0.89
0.89 ,

1.33

c c
v

n
= =  which gives 1.49.n =  

 

26. We find the angle of refraction in the glass from 

  1 1 2 2sin sin ;n n" "=  

  ( ) ( ) 21.00 sin 63 sin ,"° = 1.58  which gives 2 34 ." = °  

 

27. We find the angle of refraction in the water from 

  1 1 2 2sin sin ;n n" "=  

  ( ) ( ) 21.33 sin 42.5 sin ,"° = 1.00  which gives 2 64.0 ." = °  

 

28. We find the incident angle in the water from 

  1 1 2 2sin sin ;n n" "=  

  ( ) ( )11.33 sin sin 66.0 ," = 1.00 °  which gives 1 43.4 ." = °  

 

29. We find the incident angle in the air from 

  1 1 2 2sin sin ;n n" "=  

  ( ) ( )11.00 sin sin31.0 ," = 1.33 °  which gives 1 43.2 ." = °  

 Thus the angle above the horizon is  

  190.0 90.0"° # = ° # 43.2° = 46.8°.  

 

30. (a) We find the angle in the glass from the refraction  

  at the air–glass surface: 

   1 1 2 2sin sin ;n n" "=  

   ( ) ( ) 21.00 sin 43.5 sin ,"° = 1.52 which gives 2 26.9 ." = °  

 (b) Because the surfaces are parallel, the refraction angle  

  from the first surface is the incident angle at the second  

  surface.  We find the angle in the water from the refraction  

  at the glass–water surface: 

   2 2 3 3sin sin ;n n" "=  

   ( ) ( ) 31.52 sin 26.9 sin ,"° = 1.33  which gives 3 31.2 ." = °  

 (c) If there were no glass, we would have  

   1 1 3 3sin sin ;n n" " $=  

   ( ) ( ) 31.00 sin 43.5 sin ," $° = 1.33  which gives 3 31.2 ." $ = °  
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35. Because the glass surfaces are parallel, the exit beam will be  

 traveling in the same direction as the original beam.  

 We find the angle inside the glass from 

  air sin sin .n n! "=  

 If the angles are small, we use  

  cos 1,  and sin ," " "# #  where "  is in radians. 

  ( )1.00 ,n! "=  or .
n

!
" =  

 We find the distance along the ray in the glass from 

  .
cos

t
L t

"
= #  

 We find the perpendicular displacement from the original  

 direction from  

  ( ) ( )
( )1

sin .
t n

d L t t
n n

!!
! " ! " !

$! "# $
= $ # $ = $ =% &' (

) *+ ,
 

 

36. When the light in the material with a higher index is incident at the critical angle, the refracted  

 angle is 90°: 

  Lucite 1 water 2sin sin ;n n! !=  

  ( ) ( )11.51 sin 1.33 sin 90 ,! = ° which gives 1 61.7 .! = °  

 Because Lucite has the higher index, the light must start in  Lucite.  

 

37. When the light in the liquid is incident at the critical angle, the refracted angle is 90°: 

  liquid 1 air 2sin sin ;n n! !=  

  ( )liquid sin 47.7 sin90 ,n ° = 1.00 °  which gives liquid 1.35.n =  

 

38. We find the critical angle for light leaving the water: 

  1 2sin sin ;n ! !=  

  ( ) C1.33 sin sin 90 ,! = °  which gives C 48.8 .! = °  

 If the light is incident at a greater angle than this, it will  

 totally reflect.  We see from the diagram that  

  ( )Ctan 62.0cm tan 48.8 70.7cm.R H !> = ° =  

 

39. We find the angle of incidence from the distances: 

  
( )
( )1 1

7.0cm
tan 0.875,  so 41.2 .

8.0cm

L

h
! != = = = °  

 For the maximum incident angle for the refraction from liquid into air, we have 

  liquid 1 air 2sin sin ;n n! !=  

  ( )liquid 1maxsin 1.00 sin 90 ,n ! = °  which gives 1max

liquid

1
sin .

n
! =  

 Thus we have 

  1 1max

liquid

1
sin sin ;

n
! !% =  

!

"

"

n
air

 = 1.00

n

!

t

d

n
air

 = 1.00

! L

! – "

 

!
1

n

!
1H
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value of ! is 90°, so  

  2 mincos 1.n " =  

 When we divide this by the result for the refraction at the side, we get mintan 1," =  or min 45 ." = °  

 Thus we have 

  2

min

1 1
1.414.

sin sin 45
n

"
# = =

°
 

42. (a) The ray enters normal to the first surface, so there is no  

  deviation there.  The angle of incidence is 45° at the second surface.  

  When there is air outside the surface, we have 

   1 1 2 2sin sin ;n n$ $=  

   ( )1 2sin 45 sin .n $° = 1.00  

  For total internal reflection to occur, 2sin 1,$ # so we have 

   1

1
1.414.

sin 45
n # =

°
 

 (b) When there is water outside the surface, we have 

   1 1 2 2sin sin ;n n$ $=  

   ( ) ( ) 21.50 sin 45 1.33 sin ,$° =  which gives 2sin 0.80.$ =  

  Because 2sin 1,$ <   the prism will not be totally reflecting.  

 (c) For total reflection when there is water outside the surface, we have 

   1 1 2 2sin sin ;n n$ $=  

   ( )1 2sin 45 sin .n $° = 1.33  

  For total internal reflection to occur, 2sin 1,$ #  so we have 

   1

1.33
1.88.

sin 45
n # =

°
 

43. (a) From the ray diagram, the object distance is about six focal lengths, or  390 mm.  
 

  

O

I

F

F

 
 

 (b) We find the object distance from 

   
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

   
o

1 1 1
,

78.0mm 65.0mmd

! " ! "
+ =# $ # $
% &% &

 which gives o 390mm 39.0cm.d = =  
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44. (a) To form a real image from parallel rays requires a  converging lens.  

 (b) We find the power of the lens from 

   
o i

1 1 1
,P

d d f

! " ! "
+ = =# $ # $
% &% &

 when f is in meters; 

   
1 1

5.41D.
0.185m

P
! "! "

+ = =# $# $
!% & % &

 

 

45. To form a real image from a real object requires a  converging lens.  

 We find the focal length of the lens from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
1 1 1

,
275cm 48.3cm f

! " ! "
+ =# $ # $

% & % &
 which gives 41.1cm.f = +  

 Because i 0,d >  the image is  real.  

 

46. (a) The power of the lens is 

   
1 1

4.88D, converging.
0.205m

P
f

= = =  

 (b) We find the focal length of the lens from 

   
1

;P
f

=  

   
1

6.25D ,
f

" =  which gives 0.160m 16.0cm, diverging.f = " = "  

47. (a) We locate the image from 

   
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

   
i

1 1 1
,

18cm 24cmd

! "! "
+ =# $# $

% & % &
 which gives i 72cm.d = "  

  The negative sign means the image is  72 cm behind the lens (virtual).  

 (b) We find the magnification from 

   
( )
( )

i

o

72cm
4.0.

18cm

d
m

d

""
= = " = +  

 

48. We find the image distance from 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
i

1 1
5.5D,

0.140m d

! "! "
+ = "# $# $

% & % &
  

 which gives i 0.076md = " =   – 7.9 cm (virtual image behind the lens).  

 We find the height of the image from 

Chapter 23 Light: Geometric Optics 

 

© 2005 Pearson Education, Inc., Upper Saddle River, NJ.  All rights reserved.  This material is protected under all copyright laws as they 

currently exist.  No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

182 

 (a) With o 0.5m,d =  the new image distance is determined by 

   
o i

1 1 1
;

d d f
+ =  

   
i

1 1
8.0D,

0.5m d
+ =  which gives i 0.1667m.d =  

  The image has moved 0.1667m 0.1364m 0.0303m! =  or  3.0 cm away from the lens.  

 (b) With o 2.5m,d =  the new image distance is determined by 

   
o i

1 1 1
;

d d f
+ =  

   
i

1 1
8.0D,

2.5m d
+ =  which gives i 0.1316m.d =  

  The image has moved 0.1316m 0.1364m 0.0048m! = !  or  0.5 cm toward the lens.  

 

52. i oh h=  when i o .d d=  So we find do from 
o o

1 1 1
,

d d f
+ =  which gives o 2 .d f=  

 An object placed two focal lengths away from a converging lens will produce a real image that is also 

two focal lengths from the lens, inverted, and the same size as the object. With 25cm,f =  the object 

should be placed a distance of 2 50cmf =  from the lens. 

53. We can relate the image and object distance from the magnification: 

  i

o

,
d

m
d

!
=  or i

o .
d

d
m

!
=  

 We use this in the lens equation: 

  
o i

1 1 1
;

d d f

! " ! "
+ =# $ # $
% &% &

 

  
i i

1 1
,

m

d d f

! " ! "
! + =# $ # $
% & % &

 which gives ( )i 1 .d m f= !  

 (a) If the image is real, i 0.d >  With 0,f >  we see that 1;m <  thus 2.00.m = !   The image distance is 

   ( ) ( )i 1 2.00 50.0mm 150mm.d = ' ! ! ( =) *  

  The object distance is 

   
( )
( )

i
o

150mm
75.0mm.

2.00

d
d

m

!!
= = =

!
 

 

 (b) If the image is virtual, i 0.d <  With 0,f >  we see that 1;m >  thus 2.00.m = +   The image distance 

is 

   ( ) ( )i 1 2.00 50.0mm 50mm.d = ' ! + ( = !) *  

  The object distance is 

   
( )
( )

i
o

50mm
25.0mm.

2.00

d
d

m

! !!
= = =

+
 

 


