
4

(34.24-T) The left end of a long glass rod 8.00 cm in diameter with an index of refraction of 1.60, is ground and
polished to a convex hemispherical surface with a radius of 4.00cm. An object in the form of an arrow 1.50mm tall,
at right angles to the axis of the rod, is located on the axis 24.0 cm to the left of the vertex of the convex surface.
Find the position and height of the image of the arrow formed by paraxial rays incident on the convex surface. Is the
image erect or inverted?

(34.43-T) Two thin lenses with a focal length of magnitude 15.0cm, the first diverging and the second con-
verging, are located 11.3cm apart. An object 1.60 mm tall is placed 25.0cm to the left of the first (diverging) lens.
(a) How far from this first lens is the final image formed? (b) Is the final image real or virtual? (c) What is the
height of the final image? Is it erect or inverted?

(34.81-T) Figure shows an object and its image formed by a thin lens. (a) What is the focal length of the
lens, and what type of lens is it? (b) What is the height of the image? Is it real or virtual?

(34.87-T) A convex mirror and a concave mirror are placed on the same optic axis, separated by a distance
L=0.600m. The radius of curvature of each mirror has a magnitude of 0.360m. A light source is located a distance x
from the concave mirror, as shown in the figure. (a) What distance x will result in the rays from the source returning
to the source returning to the source after reflecting first from the convex mirror and then from the concave mirror?
(b) Repeat part (a) but now let the rays reflect first from the concave mirror and then from the convex one.

(34.89-T) In the figure, the candle is at the centre of curvature of the concave mirror, whose focal length is
10.0cm. The converging lens has a focal length of 32.0cm and is 85.0cm to the right of the candle. The candle is
viewed looking through the lens from the right.The lens forms two images of the candle. The first is formed by light
passing directly through the lens. The second image is formed from the light that goes from the candle to the mirror,
is reflected, and then passes through the lens. (a) For each of these two images, draw a principal-ray diagram that
locaters the image. (b) For each image, answer the following questions: (i) Where is the image? (ii) Is the image real
or virtual? (iii) Is the image erect or inverted with respect to the original object?

(34.61-T) A telescope is constructed from two converging lenses with focal lengths of 95.0cm and 20.0cm,
the 95.0cm lens being used as the objective. Both the object being viewed and the final image are at infinity. (a)
Find the angular magnification for the telescope. (b) Find the height of the image formed by the objective of a
building 60.0m tall, 3.5km away. (c) What is the angular size of the final image as viewed by an eye very close to the
eyepiece?
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surface facing the sunlight does not focus the sunlight to a point inside the bowl. The focal point is outside 
the bowl and there is no danger to the fish. 
EVALUATE:    In part (b) the rays refract when they exit the bowl back into the air so the image we 
calculated is not the final image. 

 

   
Figure 34.21 

 

 34.22. IDENTIFY:    Apply .a b b an n n n
s s R

−
+ =

"
 

SET UP:    For a convex surface, 0.R >  3 00 cm.R = + .  1 00,an = .  1 60.bn = .  

EXECUTE:    (a) .s→∞  .b b an n n
s R

−
=

"
 1 60 ( 3 00 cm) 8 00 cm.

1 60 1 00
b

b a

ns R
n n
! " .! "# = = + . = + .$ % $ %− . − .' (' (

 The 

image is 8.00 cm to the right of the vertex. 

(b) 12 0 cm.s = .  1 00 1 60 1 60 1 00.
12 0 cm 3 00 cms

. . . − .
+ =

. " .
 13 7 cm.s! = + .  The image is 13.7 cm to the right of the 

vertex. 

(c) 2 00 cm.s = .  1 00 1 60 1 60 1 00.
2 00 cm 3 00 cms
. . . − .

+ =
. " .

 5 33 cm.s! = − .  The image is 5.33 cm to the left of the 

vertex. 
EVALUATE:    The image can be either real ( 0)s! >  or virtual ( 0),s! <  depending on the distance of the 
object from the refracting surface. 

 34.23. IDENTIFY:    The hemispherical glass surface forms an image by refraction. The location of this image 
depends on the curvature of the surface and the indices of refraction of the glass and oil. 
SET UP:    The image and object distances are related to the indices of refraction and the radius of 

curvature by the equation .a b b an n n n
s s R

−
+ =

"
 

EXECUTE:    1 45 1 60 0 15 39.5 cm.
1 20 m 0 0300 m

a b b an n n n s
s s R s

− . . .
+ = ⇒ + = ⇒ =

# . .
 

EVALUATE:    The presence of the oil changes the location of the image. 

 34.24. IDENTIFY:    .a b b an n n n
s s R

−
+ =

"
 .a

b

n sm
n s

!
= −  

SET UP:    4 00 cm.R = + .  1 00.an = .  1 60.bn = .  24 0 cm.s = .   

EXECUTE:    1 1 60 1 60 1 00.
24 0 cm 4 00 cms

. . − .
+ =

. " .
 14 8 cm.s! = + .  (1 00)(14 8 cm) 0 385.

(1 60)(24 0 cm)
m . .
= − = − .

. .
 

(0 385)(1 50 mm) 0 578 mm.y m y! = = . . = .  The image is 14.8 cm to the right of the vertex and is  

0.578 mm tall. 0,m <  so the image is inverted. 
EVALUATE:    The image is real. 
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 34.41. IDENTIFY:    The first lens forms an image that is then the object for the second lens. 

SET UP:    Apply 1 1 1
s s f
+ =

!
 to each lens. 1

1
1

ym
y
!

=  and 2
2

2
.ym

y
!

=  

EXECUTE:    (a) Lens 1: 1 1 1
s s f
+ =

!
 gives 1 1

1
1 1

(50 0 cm)(40 0 cm) 200 cm.
50 0 cm 40 0 cm

s fs
s f

. .
! = = = +

− . − .
 

1
1

1

200 cm 4 00.
50 cm

sm
s
!

= − = − = − .  1 1 1 ( 4 00)(1 20 cm) 4 80 cm.y m y! = = − . . = − .  The image 1I  is 200 cm  

to the right of lens 1, is 4.80 cm tall and is inverted. 
(b) Lens 2: 2 4 80 cm.y = − .  The image 1I  is 300 cm 200 cm 100 cm− =  to the left of lens 2, so 

2 100 cm.s = +  2 2
2

2 2

(100 cm)(60 0 cm) 150 cm.
100 cm 60 0 cm

s fs
s f

.
! = = = +

− − .
 2

2
2

150 cm 1 50.
100 cm

sm
s
!

= − = − = − .  

2 2 2 ( 1 50)( 4 80 cm) 7 20 cm.y m y! = = − . − . = + .  The image is 150 cm to the right of the second lens, is  
7.20 cm tall, and is erect with respect to the original object. 
EVALUATE:    The overall magnification of the lens combination is tot 1 2.m m m=  

 34.42. IDENTIFY:    The first lens forms an image that is then the object for the second lens. We follow the same 
general procedure as in Problem 34.41. 

SET UP:    Apply 1 1 1
s s f
+ =

!
 to each lens. 1

1
1

ym
y
!

=  and 2
2

2
.ym

y
!

=  For a diverging lens, 0.f <  

EXECUTE:    (a) 1 40 0 cm.f = + .  1I  is the same as in Problem 34.39. For lens 2, 

2 2
2

2 2

(100 cm)( 60 0 cm) 37 5 cm.
100 cm ( 60 0 cm)

s fs
s f

− .
" = = = − .

− − − .
 2

2
2

37 5 cm 0 375.
100 cm

sm
s
! − .

= − = − = + .  

2 2 2 ( 0 375)( 4 80 cm) 1 80 cm.y m y! = = + . − . = − .  The final image is 37.5 cm to the left of the second lens 
(262.5 cm to the right of the first lens). The final image is inverted and is 1.80 cm tall. 

 (b) 1 40 0 cm.f = − .  1 1
1

1 1

(50 0 cm)( 40 0 cm) 22 2 cm.
50 0 cm ( 40 0 cm)

s fs
s f

. − .
" = = = − .

− . − − .
 1

1
1

22 2 cm 0 444.
50 0 cm

sm
s
! − .

= − = − = + .
.

 

1 1 1 (0 444)(1 20 cm) 0 533 cm.y m y! = = . . = .  The image 1I  is 22.2 cm to the left of lens 1 so is 

22 2 cm 300 cm 322 2 cm. + = .  to the left of lens 2 and 2 322 2 cm.s = + .  2 1 0 533 cm.y y!= = .  

2 2
2

2 2

(322 2 cm)(60 0 cm) 73 7 cm.
322 2 cm 60 0 cm

s fs
s f

. .
! = = = + .

− . − .
 2

2
2

73 7 cm 0 229.
322 2 cm

sm
s
! .

= − = − = − .
.

 

2 2 2 ( 0 229)(0 533 cm) 0 122 cm.y m y! = = − . . = − .  The final image is 73.7 cm to the right of the second lens, 
is inverted and is 0.122 cm tall. 
(c) 1 40 0 cm.f = − .  2 60 0 cm.f = − .  1I  is as calculated in part (b). 

2 2
2

2 2

(322 2 cm)( 60 0 cm) 50 6 cm.
322 2 cm ( 60 0 cm)

s fs
s f

. − .
" = = = − .

− . − − .
 2

2
2

50 6 cm 0 157.
322 2 cm

sm
s
! − .

= − = − = + .
.

 

2 2 2 (0 157)(0 533 cm) 0 0837 cm.y m y! = = . . = .  The final image is 50.6 cm to the left of the second lens 
(249.4 cm to the right of the first lens), is upright and is 0.0837 cm tall. 
EVALUATE:    The overall magnification of the lens combination is tot 1 2.m m m=  

 34.43. IDENTIFY:    The first lens forms an image that is then the object for the second lens. We follow the same 
general procedure as in Problem 34.41. 

SET UP:    tot 1 2.m m m=  1 1 1
s s f
+ =

!
 gives .sfs

s f
! =

−
 

EXECUTE:    (a) Lens 1: 1 15 0 cm,f = − .  1 25 0 cm.s = .  (25 0 cm)( 15 0 cm) 9.375 cm.
25 0 cm 15 0 cm

s . − .
" = = −

. + .
 

1
1

1

9.375 cm 0 375.
25 0 cm

sm
s
! −

= − = − = + .
.
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Lens 2:  The image of lens 1 is 9.375 cm to the left of lens 1 so is 9.375 to the left of lens 2. 2 20.675 cm.s = +  

2 15 0 cm.f = + .  2
(20.675 cm)(15 0 cm) 54.6 cm.
20.675 cm 15 0 cm

s .
! = =

− .
 2

2
2

54 6 cm 2 64.
20.675 cm

sm
s
! .

= − = − = − .  The final image 

is 54.6 cm to the right of lens 2 so is 65.9 cm to the right of the first lens. 
(b) 2 0s! >  so the final image is real. 

(c) tot 1 2 ( 0 375)( 2 64) 0.99.m m m= = + . − . = −  The image is 1.78 mm tall and is inverted. 
EVALUATE:    The light travels through the lenses in the direction from left to right. A real image for the 
second lens is to the right of that lens and a virtual image is to the left of the second lens. 

 34.44. IDENTIFY:    Use the lensmaker’s equation to find the radius of curvature of the lens of the eye. 

SET UP:    
1 2

1 1 1( 1) .n
f R R

! "
= − −$ %

& '
 If R is the radius of the lens, then 1R R=  and 2 .R R= −  

1 1 1 .
s s f
+ =

!
 

.y sm
y s
! !

= = −  

EXECUTE:    (a) 
1 2

1 1 1 1 1 2( 1)( 1) ( 1) .nn n
f R R R R R

! " −! "= − − = − − =$ % $ %−& '& '
 

2( 1) 2(0 44)(8 0 mm) 7 0 mm.R n f= − = . . = .  

(b) 1 1 1 .s f
s f s sf

−
= − =
"

 (30 0 cm)(0 80 cm) 0 82 cm 8 2 mm.
30 0 cm 0 80 cm

sfs
s f

. .
! = = = . = .

− . − .
 The image is 8.2 mm from 

the lens, on the side opposite the object. 0 82 cm 0 0273.
30 0 cm

sm
s
! .

= − = − = − .
.

 

( 0 0273)(16 cm) 0 44 cm 4 4 mm.y my! = = − . = . = .  0s! >  so the image is real. 0m <  so the image is 
inverted. 
EVALUATE:    The lens is converging and has a very short focal length. As long as the object is farther 
than 8.0 mm from the eye, the lens forms a real image. 

 34.45. IDENTIFY:    Apply 1 1 1 .
s s f
+ =

!
 

SET UP:    The image is to be formed on the sensor, so 20 3 cm.s! = + .  

EXECUTE:    1 1 1 1 1 1 568.4 cm 5.68 m.
20 3 cm 19.6 cm

s
s s f s
+ = ⇒ + = ⇒ = =
" .

 

EVALUATE:    The object distance is much greater than f, so the image is just outside the focal point of  
the lens. 

 34.46. IDENTIFY:    The projector lens can be modeled as a thin lens. 

SET UP:    The thin-lens equation is 1 1 1 ,
s s f
+ =

!
 and the magnification of the lens is .sm

s
!

= −  

EXECUTE:    (a) 1 1 1 1 1 1 176 6 mm,
0 180 m 9 50 m

f
s s f f
+ = ⇒ = + ⇒ = .

" . .
 so use a 177 mmf =  lens. 

(b) 53  Area 1 27 m 1.90 m.sm m
s
!

= − ⇒ = ⇒ = . ×  

EVALUATE:    The lens must produce a real image to be viewed on the screen. Since the magnification 
comes out negative, the slides to be viewed must be placed upside down in the tray. 

 34.47. IDENTIFY:    Apply 1 1 1
s s f
+ =

!
 and .y sm

y s
! !

= = −  

SET UP:    3 90 m.s = .  0 085 m.f = .  

EXECUTE:    1 1 1 1 1 1 0 0869 m.
3 90 m 0 085m

s
s s f s
+ = ⇒ + = ⇒ " = .

" . " .
 

0 08691750 mm 39 0 mm,
3 90

sy y
s
! .

! = − = − = − .
.

 so it will not fit on the 24-mm 36-mm×  sensor. 



4

(34.24-T) The left end of a long glass rod 8.00 cm in diameter with an index of refraction of 1.60, is ground and
polished to a convex hemispherical surface with a radius of 4.00cm. An object in the form of an arrow 1.50mm tall,
at right angles to the axis of the rod, is located on the axis 24.0 cm to the left of the vertex of the convex surface.
Find the position and height of the image of the arrow formed by paraxial rays incident on the convex surface. Is the
image erect or inverted?

(34.43-T) Two thin lenses with a focal length of magnitude 15.0cm, the first diverging and the second con-
verging, are located 11.3cm apart. An object 1.60 mm tall is placed 25.0cm to the left of the first (diverging) lens.
(a) How far from this first lens is the final image formed? (b) Is the final image real or virtual? (c) What is the
height of the final image? Is it erect or inverted?

(34.81-T) Figure shows an object and its image formed by a thin lens. (a) What is the focal length of the
lens, and what type of lens is it? (b) What is the height of the image? Is it real or virtual?

(34.87-T) A convex mirror and a concave mirror are placed on the same optic axis, separated by a distance
L=0.600m. The radius of curvature of each mirror has a magnitude of 0.360m. A light source is located a distance x
from the concave mirror, as shown in the figure. (a) What distance x will result in the rays from the source returning
to the source returning to the source after reflecting first from the convex mirror and then from the concave mirror?
(b) Repeat part (a) but now let the rays reflect first from the concave mirror and then from the convex one.

(34.89-T) In the figure, the candle is at the centre of curvature of the concave mirror, whose focal length is
10.0cm. The converging lens has a focal length of 32.0cm and is 85.0cm to the right of the candle. The candle is
viewed looking through the lens from the right.The lens forms two images of the candle. The first is formed by light
passing directly through the lens. The second image is formed from the light that goes from the candle to the mirror,
is reflected, and then passes through the lens. (a) For each of these two images, draw a principal-ray diagram that
locaters the image. (b) For each image, answer the following questions: (i) Where is the image? (ii) Is the image real
or virtual? (iii) Is the image erect or inverted with respect to the original object?

(34.61-T) A telescope is constructed from two converging lenses with focal lengths of 95.0cm and 20.0cm,
the 95.0cm lens being used as the objective. Both the object being viewed and the final image are at infinity. (a)
Find the angular magnification for the telescope. (b) Find the height of the image formed by the objective of a
building 60.0m tall, 3.5km away. (c) What is the angular size of the final image as viewed by an eye very close to the
eyepiece?
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 34.79. IDENTIFY:    We know that the image is real, is 214 cm from the object (not from the lens), and is 5/3 
times the height of the object. We want to find the type of lens and its focal length. The thin-lens equation 
applies. 

SET UP: Apply 1 1 1
s s f
+ =

!
 with the conditions that s + s!  = ±214 cm and .sm

s
!

= −  

EXECUTE:  Since the size of the image is greater than the size of the object, we know that the image must 
be farther from the lens than the object. This implies that the focal length of the lens is positive and the 
lens is converging. We know that the image is real, so 0.s! >  In this case we have 214 cms s+ ! = +  and 

5.
3

sm
s
!

= − = −  Thus, we may write 5
3s s! =  and 8

3 214 cm.s s s+ ! = = +  Solving for  and s s!  we obtain 

80.25 cm and 133 75 cm.s s= ! = .  This gives (80.25 cm)(133 75 cm) 50 2 cm.
214 cm

ssf
s s

! .
= = = .

+ !
  

EVALUATE:    For a diverging lens we have 1 1 1 0.
s s f
+ = <

!
 This can only occur if 

1
s!

 is negative and 

larger in magnitude than 
1.
s

 Thus we have 1.sm
s
!

= − <  It follows that the image is always smaller than 

the object for a diverging lens. In this exercise 5 1,
3

m = >  so only a converging lens will work. 

 34.80. IDENTIFY:    Apply 1 1 1
s s f
+ =

!
 and .y sm

y s
! !

= = −  The type of lens determines the sign of f. The sign of 

s!  determines whether the image is real or virtual. 
SET UP:    8 00 cm.s = + .  3 00 cm.s! = − .  s!  is negative because the image is on the same side of the lens 
as the object. 

EXECUTE:    (a) 1 s s
f ss

+ !
=

!
 and (8 00 cm)( 3 00 cm) 4 80 cm.

8 00 cm 3 00 cm
ssf
s s

! . − .
= = = − .

+ ! . − .
 f is negative so the lens is 

diverging. 

(b) 3 00 cm 0 375. (0 375)(6 50 mm) 2 44 mm. 0
8 00 cm

sm y my s
s
! − .

= − = − = + . ! = = . . = . ! <
.

and the image is virtual. 

EVALUATE:    A converging lens can also form a virtual image, if the object distance is less than the focal 
length. But in that case s s! >  and the image would be farther from the lens than the object is. 

 34.81. IDENTIFY:    1 1 1 .
s s f
+ =

!
 The type of lens determines the sign of f. .y sm

y s
! !

= = −  The sign of s!  depends 

on whether the image is real or virtual. 16 0 cm.s = .  
SET UP:    22 0 cm;s! = − . s! is negative because the image is on the same side of the lens as the object. 

EXECUTE:    (a) 1 s s
f ss

+ !
=

!
 and (16 0 cm)( 22 0 cm) 58 7 cm.

16 0 cm 22 0 cm
ssf
s s

! . − .
= = = + .

+ ! . − .
 f is positive so the lens is 

converging. 

(b) 22 0 cm 1 38.
16 0 cm

sm
s
! − .

= − = − = .
.

 (1.38)(3.25 mm) 4.48 mm.y my! = = =  0s! <  and the image is virtual. 

EVALUATE:    A converging lens forms a virtual image when the object is closer to the lens than the focal 
point. 

 34.82. IDENTIFY:    Apply .a b b an n n n
s s R

−
+ =

"
 Use the image distance when viewed from the flat end to 

determine the refractive index n of the rod. 
SET UP:    When viewing from the flat end, ,an n=  1.00bn =  and .R→∞  When viewing from the 

curved end, ,an n=  1.00,bn =  and 10.0 cm.R = −  
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 ; 30.0 cm.s x s= ! =  
1 1 1 .
s s f
+ =

!
 

1 1 1 .
30.0 cmx f

+ =  

Figure 34.85   

4 00 cm; 22.0 cm.s x s= + . ! =  

1 1 1
s s f
+ =

!
 gives 1 1 1 .

4 00 cm 22 0 cmx f
+ =

+ . .
 

EXECUTE:    Equate these two expressions for 1/ :f  

1 1 1 1 .
30 0 cm 4 00 cm 22 0 cmx x

+ = +
. + . .

 

1 1 1 1 .
4 00 cm 22 0 cm 30 0 cmx x

− = −
+ . . .

 

4 00 cm 30 0 22 0
( 4 00 cm) 660 cm
x x
x x
+ . − . − .

=
+ .

 and 4 00 cm 8 .
( 4 00 cm) 660 cmx x

.
=

+ .
 

2 2(4 00 cm) 330 cm 0x x+ . − =  and 1
2 ( 4 00 16 0 4(330)) cm.x = − . ± . +  

x must be positive so 1
2 ( 4 00 36 55) cm 16 28 cm.x = − . + . = .  

Then 1 1 1+
30.0 cmx f

=  and 1 1 1+ .
16.28 cm 30 0 cmf

=
.

 

10 55 cm,f = + .  which rounds to 10.6 cm. 0;f >  the lens is converging. 

EVALUATE:    We can check that 16.28 cms =  and 10 55 cmf = .  gives 30.0 cms! =  and that 
(16 28 4 0) cm 20.28 cms = . + . =  and 10 55 cmf = .  gives 22.0 cm.s! =  

 34.86. IDENTIFY:    Apply 1 1 1
s s f
+ =

!
 and .sm

s
!

= −  

SET UP:    22.0 cm.s s+ ! =  

EXECUTE:    (a) 1 1 1 .
22 0 cm 3 00 cms s

+ =
. − " " .

 2 2( ) (22 0 cm) 66.0 cm 0s s! − . ! + =  so 

18.42 cm or 3.58 cm.s! =  3 58 cm or 18.42 cm,s = .  so the lens must either be 3.58 cm or 18.4 cm from the 
object. 

(b) 18.423.58 cm and  = 18.42 cm gives 5.15.
3.58

ss s m
s
!

!= = − = − = −  

3.5818.42 cm and  = 3.58 cm gives 0.914.
18.42

ss s m
s
!

!= = − = − = −  

EVALUATE:    Since the image is projected onto the screen, the image is real and s! is positive.  
We assumed this when we wrote the condition 22.0 cm.s s+ ! =  

 34.87. (a) IDENTIFY:    Use 1 1 1
s s f
+ =

!
 to locate the image formed by each mirror. The image formed by the 

first mirror serves as the object for the second mirror. 
SET UP:    The positions of the object and the two mirrors are shown in Figure 34.87a. 

 
Geometric Optics   34-29 

© Copyright 2016 Pearson Education, Ltd. 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. 
 

 

 0 360 m.R = .  

/2 0.180 m.f R= =  

Figure 34.87a   
 

EXECUTE:    Image formed by convex mirror (mirror #1): 
convex means 1 10.180 m; .f s L x= − = −  

1 1
1

1 1

( )( 0.180 m) 0 600 m(0 180 m) 0.
0.180 m 0 780 m

s f L x x
s

s f L x x
− − . −" #$ = = = − . <% &− − + . −' (

 

The image is 
0 600 m(0 180 m)
0 780 m

x
x

. −" #. $ %. −& '
 to the left of mirror #1 so is 

20 600 m 0 576 m (0 780 m)0 600 m (0 180 m)
0 780 m 0 780 m

x x
x x

. − . − ." #. + . =$ %. − . −& '
 to the left of mirror #2. 

Image formed by concave mirror (mirror #2): 
concave implies 2 0.180 m.f = +  

2

2
0 576 m (0 780 m) .

0 780 m
x

s
x

. − .
=

. −
 

Rays return to the source implies 2 .s x! =  Using these expressions in 2 2
2

2 2

s fs
s f
!

=
! −

 gives 

2

2 2

2

0 576 m (0 780 m) (0 180 m) .
0 780 m 0 180 m

0 600 (0 576 m) 0 10368 m 0.
1 1(0 576 (0 576) 4(0 600)(0 10368)) m (0 576 0 288) m.

1 20 1 20

x x
x x

x x

x

. − . .
=

. − − .

. − . + . =

= . ± . − . . = . ± .
. .

 

0.72 mx =  (impossible; can’t have 0.600 mx L> = ) or 0 24 m.x = .  
(b) SET UP:    Which mirror is #1 and which is #2 is now reversed form part (a). This is shown  
in Figure 34.87b. 

 

 
Figure 34.87b 

 
EXECUTE:    Image formed by concave mirror (mirror #1): 
concave means 1 10.180 m; .f s x= + =  

1 1
1

1 1

(0 180 m) .
0 180 m

s f x
s

s f x
.

! = =
− − .

 

The image is (0 180 m)
0 180 m

x
x
.

− .
 to the left of mirror #1, so 

2

2
(0 180 m) (0 420 m) 0 180 m0 600 m .

0 180 m 0 180 m
x x

s
x x
. . − .

= . − =
− . − .
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 0 360 m.R = .  

/2 0.180 m.f R= =  

Figure 34.87a   
 

EXECUTE:    Image formed by convex mirror (mirror #1): 
convex means 1 10.180 m; .f s L x= − = −  

1 1
1

1 1

( )( 0.180 m) 0 600 m(0 180 m) 0.
0.180 m 0 780 m

s f L x x
s

s f L x x
− − . −" #$ = = = − . <% &− − + . −' (

 

The image is 
0 600 m(0 180 m)
0 780 m

x
x

. −" #. $ %. −& '
 to the left of mirror #1 so is 

20 600 m 0 576 m (0 780 m)0 600 m (0 180 m)
0 780 m 0 780 m

x x
x x

. − . − ." #. + . =$ %. − . −& '
 to the left of mirror #2. 

Image formed by concave mirror (mirror #2): 
concave implies 2 0.180 m.f = +  

2

2
0 576 m (0 780 m) .

0 780 m
x

s
x

. − .
=

. −
 

Rays return to the source implies 2 .s x! =  Using these expressions in 2 2
2

2 2

s fs
s f
!

=
! −

 gives 

2

2 2

2

0 576 m (0 780 m) (0 180 m) .
0 780 m 0 180 m

0 600 (0 576 m) 0 10368 m 0.
1 1(0 576 (0 576) 4(0 600)(0 10368)) m (0 576 0 288) m.

1 20 1 20

x x
x x

x x

x

. − . .
=

. − − .

. − . + . =

= . ± . − . . = . ± .
. .

 

0.72 mx =  (impossible; can’t have 0.600 mx L> = ) or 0 24 m.x = .  
(b) SET UP:    Which mirror is #1 and which is #2 is now reversed form part (a). This is shown  
in Figure 34.87b. 

 

 
Figure 34.87b 

 
EXECUTE:    Image formed by concave mirror (mirror #1): 
concave means 1 10.180 m; .f s x= + =  

1 1
1

1 1

(0 180 m) .
0 180 m

s f x
s

s f x
.

! = =
− − .

 

The image is (0 180 m)
0 180 m

x
x
.

− .
 to the left of mirror #1, so 

2

2
(0 180 m) (0 420 m) 0 180 m0 600 m .

0 180 m 0 180 m
x x

s
x x
. . − .

= . − =
− . − .
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Image formed by convex mirror (mirror #2): 
convex means 2 0 180 m.f = − .  

rays return to the source means 2 0 600 m .s L x x! = − = . −  

1 1 1
s s f
+ =

!
 gives 

2

2 2

2 2

0.180 m 1 1 .
0 600 m 0.180 m(0.420 m) 0.180 m

0 180 m 0 780 m .
(0 420 m) 0 180 m 0 180 m (0 180 m)

0.600 (0 576 m) 0.1036 m 0.

x
xx

x x
x x

x x

−
+ = −

. −−

" #− . . −
= −$ %$ %. − . . − .& '

− . + =

 

This is the same quadratic equation as obtained in part (a), so again 0 24 m.x = .  
EVALUATE:    For 0 24 mx = .  the image is at the location of the source, both for rays that initially travel 
from the source toward the left and for rays that travel from the source toward the right. 

 34.88. IDENTIFY and SET UP:    The thin-lens equation, 1 1 1 ,
s s f
+ =

!
 applies. The lens forms an image of the 

object on the screen, so the distance from the lens to the screen is the image distance .s!  The distance from 
the object to the lens is s, so s + s!  = d. 

EXECUTE:    We combine 1 1 1
s s f
+ =

!
 and s + s!  = d to solve for d. 

s + s!  = d →  s! = d – s.  
1 1 1
s s f
+ =

!
 →  sfs

s f
! =

−
 →  .sfd s

s f
− =

−
 

ds – s2 – df + sf = sf` →  s2 – ds + df  = 0 →  21 ( 4 ).
2

s d d df= ± −  

If 4df  > d 
2, there is no real solution, so we must have d 

2 ≥ 4df. The smallest that d can be is if d 
2 = 4df, in 

which case d = 4f. 
EVALUATE:   Larger values of d are possible, but we want only the smallest one. 

 34.89. IDENTIFY:    1 1 1
s s f
+ =

!
 gives ,sfs

s f
! =

−
 for both the mirror and the lens. 

SET UP:    For the second image, the image formed by the mirror serves as the object for the lens. For the 
mirror, m 10.0 cm.f = +  For the lens, 32 0 cm.f = .  The center of curvature of the mirror is 

m2 20.0 cmR f= =  to the right of the mirror vertex. 
EXECUTE:    (a) The principal-ray diagrams from the two images are sketched in Figure 34.89. In Figure 
34.89b, only the image formed by the mirror is shown. This image is at the location of the candle so the 
principal-ray diagram that shows the image formation when the image of the mirror serves as the object for 
the lens is analogous to that in Figure 34.89a and is not drawn. 
(b) Image formed by the light that passes directly through the lens: The candle is 85.0 cm to the left of the 

lens. (85 0 cm)(32 0 cm) 51 3 cm.
85 0 cm 32 0 cm

sfs
s f

. .
! = = = + .

− . − .
 51.3 cm 0 604.

85.0 cm
sm
s
!

= − = − = − .  This image is 51.3 cm 

to the right of the lens. 0s! >  so the image is real. 0m <  so the image is inverted. Image formed by the 
light that first reflects off the mirror: First consider the image formed by the mirror. The candle is 20.0 cm 

to the right of the mirror, so 20.0 cm.s = +  (20 0 cm)(10 0 cm) 20 0 cm.
20 0 cm 10 0 cm

sfs
s f

. .
! = = = .

− . − .
 

1
1

1

20 0 cm 1 00.
20 0 cm

sm
s
! .

= − = − = − .
.

 The image formed by the mirror is at the location of the candle, so 

2 85.0 cms = +  and 2 51.3 cm.s! =  2 0 604.m = − .  tot 1 2 ( 1 00)( 0 604) 0.604.m mm= = − . − . =  The second image 

is 51.3 cm to the right of the lens. 2 0,s! >  so the final image is real. tot 0,m >  so the final image is erect. 



4

(34.24-T) The left end of a long glass rod 8.00 cm in diameter with an index of refraction of 1.60, is ground and
polished to a convex hemispherical surface with a radius of 4.00cm. An object in the form of an arrow 1.50mm tall,
at right angles to the axis of the rod, is located on the axis 24.0 cm to the left of the vertex of the convex surface.
Find the position and height of the image of the arrow formed by paraxial rays incident on the convex surface. Is the
image erect or inverted?

(34.43-T) Two thin lenses with a focal length of magnitude 15.0cm, the first diverging and the second con-
verging, are located 11.3cm apart. An object 1.60 mm tall is placed 25.0cm to the left of the first (diverging) lens.
(a) How far from this first lens is the final image formed? (b) Is the final image real or virtual? (c) What is the
height of the final image? Is it erect or inverted?

(34.81-T) Figure shows an object and its image formed by a thin lens. (a) What is the focal length of the
lens, and what type of lens is it? (b) What is the height of the image? Is it real or virtual?

(34.87-T) A convex mirror and a concave mirror are placed on the same optic axis, separated by a distance
L=0.600m. The radius of curvature of each mirror has a magnitude of 0.360m. A light source is located a distance x
from the concave mirror, as shown in the figure. (a) What distance x will result in the rays from the source returning
to the source returning to the source after reflecting first from the convex mirror and then from the concave mirror?
(b) Repeat part (a) but now let the rays reflect first from the concave mirror and then from the convex one.

(34.89-T) In the figure, the candle is at the centre of curvature of the concave mirror, whose focal length is
10.0cm. The converging lens has a focal length of 32.0cm and is 85.0cm to the right of the candle. The candle is
viewed looking through the lens from the right.The lens forms two images of the candle. The first is formed by light
passing directly through the lens. The second image is formed from the light that goes from the candle to the mirror,
is reflected, and then passes through the lens. (a) For each of these two images, draw a principal-ray diagram that
locaters the image. (b) For each image, answer the following questions: (i) Where is the image? (ii) Is the image real
or virtual? (iii) Is the image erect or inverted with respect to the original object?

(34.61-T) A telescope is constructed from two converging lenses with focal lengths of 95.0cm and 20.0cm,
the 95.0cm lens being used as the objective. Both the object being viewed and the final image are at infinity. (a)
Find the angular magnification for the telescope. (b) Find the height of the image formed by the objective of a
building 60.0m tall, 3.5km away. (c) What is the angular size of the final image as viewed by an eye very close to the
eyepiece?
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Image formed by convex mirror (mirror #2): 
convex means 2 0 180 m.f = − .  

rays return to the source means 2 0 600 m .s L x x! = − = . −  

1 1 1
s s f
+ =

!
 gives 

2

2 2

2 2

0.180 m 1 1 .
0 600 m 0.180 m(0.420 m) 0.180 m

0 180 m 0 780 m .
(0 420 m) 0 180 m 0 180 m (0 180 m)

0.600 (0 576 m) 0.1036 m 0.

x
xx

x x
x x

x x

−
+ = −

. −−

" #− . . −
= −$ %$ %. − . . − .& '

− . + =

 

This is the same quadratic equation as obtained in part (a), so again 0 24 m.x = .  
EVALUATE:    For 0 24 mx = .  the image is at the location of the source, both for rays that initially travel 
from the source toward the left and for rays that travel from the source toward the right. 

 34.88. IDENTIFY and SET UP:    The thin-lens equation, 1 1 1 ,
s s f
+ =

!
 applies. The lens forms an image of the 

object on the screen, so the distance from the lens to the screen is the image distance .s!  The distance from 
the object to the lens is s, so s + s!  = d. 

EXECUTE:    We combine 1 1 1
s s f
+ =

!
 and s + s!  = d to solve for d. 

s + s!  = d →  s! = d – s.  
1 1 1
s s f
+ =

!
 →  sfs

s f
! =

−
 →  .sfd s

s f
− =

−
 

ds – s2 – df + sf = sf` →  s2 – ds + df  = 0 →  21 ( 4 ).
2

s d d df= ± −  

If 4df  > d 
2, there is no real solution, so we must have d 

2 ≥ 4df. The smallest that d can be is if d 
2 = 4df, in 

which case d = 4f. 
EVALUATE:   Larger values of d are possible, but we want only the smallest one. 

 34.89. IDENTIFY:    1 1 1
s s f
+ =

!
 gives ,sfs

s f
! =

−
 for both the mirror and the lens. 

SET UP:    For the second image, the image formed by the mirror serves as the object for the lens. For the 
mirror, m 10.0 cm.f = +  For the lens, 32 0 cm.f = .  The center of curvature of the mirror is 

m2 20.0 cmR f= =  to the right of the mirror vertex. 
EXECUTE:    (a) The principal-ray diagrams from the two images are sketched in Figure 34.89. In Figure 
34.89b, only the image formed by the mirror is shown. This image is at the location of the candle so the 
principal-ray diagram that shows the image formation when the image of the mirror serves as the object for 
the lens is analogous to that in Figure 34.89a and is not drawn. 
(b) Image formed by the light that passes directly through the lens: The candle is 85.0 cm to the left of the 

lens. (85 0 cm)(32 0 cm) 51 3 cm.
85 0 cm 32 0 cm

sfs
s f

. .
! = = = + .

− . − .
 51.3 cm 0 604.

85.0 cm
sm
s
!

= − = − = − .  This image is 51.3 cm 

to the right of the lens. 0s! >  so the image is real. 0m <  so the image is inverted. Image formed by the 
light that first reflects off the mirror: First consider the image formed by the mirror. The candle is 20.0 cm 

to the right of the mirror, so 20.0 cm.s = +  (20 0 cm)(10 0 cm) 20 0 cm.
20 0 cm 10 0 cm

sfs
s f

. .
! = = = .

− . − .
 

1
1

1

20 0 cm 1 00.
20 0 cm

sm
s
! .

= − = − = − .
.

 The image formed by the mirror is at the location of the candle, so 

2 85.0 cms = +  and 2 51.3 cm.s! =  2 0 604.m = − .  tot 1 2 ( 1 00)( 0 604) 0.604.m mm= = − . − . =  The second image 

is 51.3 cm to the right of the lens. 2 0,s! >  so the final image is real. tot 0,m >  so the final image is erect. 
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EVALUATE:    The two images are at the same place. They are the same size. One is erect and one is inverted. 
 

 
Figure 34.89 
 

 34.90. IDENTIFY:    Apply 1 1 1
s s f
+ =

!
 to each lens. The image formed by the first lens serves as the object for 

the second lens. The focal length of the lens combination is defined by 
1 2

1 1 1 .
s s f
+ =

!
 In part (b) use 

1 2

1 1 1( 1)n
f R R

! "
= − −$ %

& '
 to calculate f for the meniscus lens and for the 4CCl ,  treated as a thin lens. 

SET UP:    With two lenses of different focal length in contact, the image distance from the first lens 
becomes exactly minus the object distance for the second lens. 

EXECUTE:    (a) 
1 1 1 1 1 1

1 1 1 1 1 1
s s f s f s
+ = ⇒ = −

# #
 and 

2 2 1 2 1 1 2 2

1 1 1 1 1 1 1 1 .
s s s s s f s f

! "
+ = + = − + =$ %& & & &− ' (

 But overall 

for the lens system, 
1 2 2 1

1 1 1 1 1 1 .
s s f f f f
+ = ⇒ = +

"
 

(b) With carbon tetrachloride sitting in a meniscus lens, we have two lenses in contact. All we need in 
order to calculate the system’s focal length is calculate the individual focal lengths, and then use the 
formula from part (a). For the meniscus lens 

1

m 1 2

1 1 1 1 1( ) (0 55) 0 061 cm
4 50 cm 9 00 cmb an n

f R R
−" # " #

= − − = . − = .$ % $ %
. .& '& '

 and m 16 4 cm.f = .  
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EVALUATE:    The two images are at the same place. They are the same size. One is erect and one is inverted. 
 

 
Figure 34.89 
 

 34.90. IDENTIFY:    Apply 1 1 1
s s f
+ =

!
 to each lens. The image formed by the first lens serves as the object for 

the second lens. The focal length of the lens combination is defined by 
1 2

1 1 1 .
s s f
+ =

!
 In part (b) use 

1 2

1 1 1( 1)n
f R R

! "
= − −$ %

& '
 to calculate f for the meniscus lens and for the 4CCl ,  treated as a thin lens. 

SET UP:    With two lenses of different focal length in contact, the image distance from the first lens 
becomes exactly minus the object distance for the second lens. 

EXECUTE:    (a) 
1 1 1 1 1 1

1 1 1 1 1 1
s s f s f s
+ = ⇒ = −

# #
 and 

2 2 1 2 1 1 2 2

1 1 1 1 1 1 1 1 .
s s s s s f s f

! "
+ = + = − + =$ %& & & &− ' (

 But overall 

for the lens system, 
1 2 2 1

1 1 1 1 1 1 .
s s f f f f
+ = ⇒ = +

"
 

(b) With carbon tetrachloride sitting in a meniscus lens, we have two lenses in contact. All we need in 
order to calculate the system’s focal length is calculate the individual focal lengths, and then use the 
formula from part (a). For the meniscus lens 

1

m 1 2

1 1 1 1 1( ) (0 55) 0 061 cm
4 50 cm 9 00 cmb an n

f R R
−" # " #

= − − = . − = .$ % $ %
. .& '& '

 and m 16 4 cm.f = .  



4

(34.24-T) The left end of a long glass rod 8.00 cm in diameter with an index of refraction of 1.60, is ground and
polished to a convex hemispherical surface with a radius of 4.00cm. An object in the form of an arrow 1.50mm tall,
at right angles to the axis of the rod, is located on the axis 24.0 cm to the left of the vertex of the convex surface.
Find the position and height of the image of the arrow formed by paraxial rays incident on the convex surface. Is the
image erect or inverted?

(34.43-T) Two thin lenses with a focal length of magnitude 15.0cm, the first diverging and the second con-
verging, are located 11.3cm apart. An object 1.60 mm tall is placed 25.0cm to the left of the first (diverging) lens.
(a) How far from this first lens is the final image formed? (b) Is the final image real or virtual? (c) What is the
height of the final image? Is it erect or inverted?

(34.81-T) Figure shows an object and its image formed by a thin lens. (a) What is the focal length of the
lens, and what type of lens is it? (b) What is the height of the image? Is it real or virtual?

(34.87-T) A convex mirror and a concave mirror are placed on the same optic axis, separated by a distance
L=0.600m. The radius of curvature of each mirror has a magnitude of 0.360m. A light source is located a distance x
from the concave mirror, as shown in the figure. (a) What distance x will result in the rays from the source returning
to the source returning to the source after reflecting first from the convex mirror and then from the concave mirror?
(b) Repeat part (a) but now let the rays reflect first from the concave mirror and then from the convex one.

(34.89-T) In the figure, the candle is at the centre of curvature of the concave mirror, whose focal length is
10.0cm. The converging lens has a focal length of 32.0cm and is 85.0cm to the right of the candle. The candle is
viewed looking through the lens from the right.The lens forms two images of the candle. The first is formed by light
passing directly through the lens. The second image is formed from the light that goes from the candle to the mirror,
is reflected, and then passes through the lens. (a) For each of these two images, draw a principal-ray diagram that
locaters the image. (b) For each image, answer the following questions: (i) Where is the image? (ii) Is the image real
or virtual? (iii) Is the image erect or inverted with respect to the original object?

(34.61-T) A telescope is constructed from two converging lenses with focal lengths of 95.0cm and 20.0cm,
the 95.0cm lens being used as the objective. Both the object being viewed and the final image are at infinity. (a)
Find the angular magnification for the telescope. (b) Find the height of the image formed by the objective of a
building 60.0m tall, 3.5km away. (c) What is the angular size of the final image as viewed by an eye very close to the
eyepiece?
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Final image is at ∞  so the object for the eyepiece is at its focal point. But the object for the eyepiece is the 
image of the objective so the image formed by the objective is 19.7 cm –1.80 cm 17.9 cm=  to the right of 

the lens. Apply 1 1 1
s s f
+ =

!
 to the image formation by the objective, solve for the object distance s. 

0 900 cm; 17 9 cm; ?
1 1 1 1 1 1

, so .

f s s
s f

s s f s f s s f

= . ! = . =

! −
+ = = − =

!! !

 

EXECUTE:    (17 9 cm)( 0 900 cm) 9.48 mm.
17 9 cm 0 900 cm

s fs
s f
! . + .

= = = +
! − . − .

 

(b) SET UP:    Use 1 1 1 .
s s f
+ =

!
 

EXECUTE:    1
17 9 cm 18.9.
0 948 cm

sm
s
! .

= − = − = −
.

 

The magnitude of the linear magnification of the objective is 18.9. 
(c) SET UP:    Use 1 2.M mM=  

EXECUTE:    2
2

25 cm 25 cm 13 9.
1 80 cm

M
f

= = = .
.

 

1 2 ( 18.9)(13 9) 263.M mM= = − . = −  

EVALUATE:    M is not accurately given by 1 1 2(25 cm) / 276,s f f! =  because the object is not quite at the  

focal point of the objective 1 1( 0 948 cm and 0 900 cm).s f= . = .  

 34.60. IDENTIFY:    Apply 1
1 2

1 2

(25 cm) .sM m M
s f

!
= =  

SET UP:    1 160 mm 5 0 mm 165 mm.s! = + . =  

EXECUTE:    (a) 1 1
1

1 1

(165 mm)(5.00 mm) 5.16 mm.
165 mm – 5.00 mm

s fs
s f
!

= = =
! −

 

1

1 2

(250 mm) (250 mm)(165mm) 307.
(5 16 mm)(26 0 mm)

sM
s f

!
= = =

. .
 

(b) The minimum separation is 40 10 mm 0 10 mm 3 26 10 mm.
307M

−. .
= = . ×  

EVALUATE:    The angular size of the image viewed by the eye when looking through the microscope is  
307 times larger than if the object is viewed at the near-point of the unaided eye. 

 34.61. (a) IDENTIFY and SET UP:    Use 1

2
,fM

f
= −  with 1 95 0 cmf = .  (objective) and 2 20 0 cmf = .  

(eyepiece). 

EXECUTE:    1

2

95 0 cm 4.75.
20 0 cm

fM
f

.
= − = − = −

.
 

(b) IDENTIFY:    Use y sm
y s
! !

= = −  to calculate .y!  

SET UP:    33 50 10  m.s = . ×  

1 95 0 cms f! = = .  (since s is very large, s f! ≈ ).  

EXECUTE:    4
3

0 950 m 2.714 10 .
3 50 10  m

sm
s

−" .
= − = − = − ×

. ×
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(c) IDENTIFY and SET UP:    Use M θ
θ

"
=  and the angular magnification M obtained in part (a) to 

calculate .θ"  The angular size θ  of the image formed by the objective (object for the eyepiece) is its 
height divided by its distance from the objective. 

EXECUTE:    The angular size of the object for the eyepiece is 0 0163 m 0 0171 rad.
0 950 m

θ
.

= = .
.

 

(Note that this is also the angular size of the object for the objective: 3
60 0 m 0 0171 rad.

3 50 10  m
θ

.
= = .

. ×
 For a 

thin lens the object and image have the same angular size and the image of the objective is the object for 

the eyepiece.) ,M θ
θ

"
=  so the angular size of the image is (4.75)(0 0171 rad)Mθ θ" = = − . =  0 081 rad.− .  

(The minus sign shows that the final image is inverted.) 
EVALUATE:    The lateral magnification of the objective is small; the image it forms is much smaller than 
the object. But the total angular magnification is larger than 1.00; the angular size of the final image viewed 
by the eye is 4.75 times larger than the angular size of the original object, as viewed by the unaided eye. 

 34.62. IDENTIFY:    For a telescope, 1

2
.fM

f
= −  

SET UP:    2 9 0 cm.f = .  The distance between the two lenses equals 1 2.f f+  

EXECUTE:    1 2 11 90 m 1 90 m 0 0900 m 1 81m.f f f+ = . ⇒ = . − . = .  1

2

181 cm 20.1.
9 00 cm

fM
f

= − = − = −
.

 

EVALUATE:    For a telescope, 1 2.f f?  

 34.63. IDENTIFY:    /2f R=  and 1

2
.fM

f
= −  

SET UP:    For object and image both at infinity, 1 2f f+  equals the distance d between the eyepiece and 

the mirror vertex. 2 1 60 cm.f = .  1 1 28 m.R = .  

EXECUTE:    (a) 1
1 1 20 640 m 0 656 m.

2
Rf d f f= = . ⇒ = + = .  

(b) 1

2

0 640 m 40.
0 016 m

fM
f

.
= = =

.
 

EVALUATE:    For a telescope, 1 2.f f  
 34.64. IDENTIFY:    Apply the law of reflection for rays from the feet to the eyes and from the top of the head to 

the eyes.  
SET UP:    In Figure 34.64 (next page), ray 1 travels from the feet of the woman to her eyes and ray 2 
travels from the top of her head to her eyes. The total height of the woman is h. 
EXECUTE:    The two angles labeled 1θ  are equal because of the law of reflection, as are the two angles 

labeled 2.θ  Since these angles are equal, the two distances labeled 1y  are equal and the two distances 

labeled 2y  are equal. The height of the woman is w 1 22 2 .h y y= +  As the drawing shows, the height of the 

mirror is m 1 2.h y y= +  Comparing, we find that m w/2.h h=  The minimum height required is half the 
height of the woman. 
EVALUATE:    The height of the image is the same as the height of the woman, so the height of the image 
is twice the height of the mirror. 
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(34.100-T) The Galilean Telescope In the figure, we show a digram of a Galilean telescope, or opera
glass, with both the object and its final image at infinity. The image I serves as a virtual object for the eyepiece. The
final image is virtual and erect. (a) Prove that the angular magnification is M = �f1/f2. (b) A Galilean telescope is
to be constructed with the same objective lens as in Exercise 34.61. What focal length should the eyepiece have if
this telescope is to have the same magnitude of angular magnification as the one in Exercise 34.61? (c) Compare the
length of the telescopes.



Geometric Optics   34-35 

© Copyright 2016 Pearson Education, Ltd. 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. 
 

 34.100. IDENTIFY:    For u and u!  as defined in Figure P34.100 in the textbook, .uM
u
!

=  

SET UP:    2f  is negative. From Figure P34.100 in the textbook, the length of the telescope is 1 2,f f+  

since 2f  is negative. 

EXECUTE:    (a) From the figure, 
1 2 2
and .y y yu u

f f f
= ! = = −  The angular magnification is 

1

2
.u fM

u f
!

= = −  

(b) 1 1
2

2

95 0 cm 15 0 cm.
6.33

f fM f
f M

.
= − ⇒ = − = − = − .  

(c) The length of the telescope is 95 0 cm 15 0 cm 80.0 cm,. − . =  compared to the length of 110 cm for the 
telescope in Exercise 34.61. 
EVALUATE:    An advantage of this construction is that the telescope is somewhat shorter. 

 34.101. IDENTIFY:    Use similar triangles in Figure P34.101 in the textbook and 1 1 1
s s f
+ =

!
 to derive the 

expressions called for in the problem. 
(a) SET UP:    The effect of the converging lens on the ray bundle is sketched in Figure 34.101a. 

 

 

 EXECUTE:    From similar triangles  
in Figure 34.101a,  

0 0

1 1
.r r

f f d
!

=
−

 

Figure 34.101a   
 

Thus 1
0 0

1
,f dr r

f
! "−

$ = % &
' (

 as was to be shown. 

(b) SET UP:    The image at the focal point of the first lens, a distance 1f  to the right of the first lens, 

serves as the object for the second lens. The image is a distance 1f d−  to the right of the second lens, so 

2 1 1.s f d d f= − − = −( )  

EXECUTE:    2
2 2 1 2

2 2 1 2

( ) .s f d f fs
s f d f f

−
" = =

− − −
 

2 0f <  so 2 2f f= −  and 2
1 2

2 1

( )
,

f d f
s

f f d
−

" =
− +

 as was to be shown. 

(c) SET UP:    The effect of the diverging lens on the ray bundle is sketched in Figure 34.101b. 
 

 

 EXECUTE:    From similar triangles  

in the sketch, 
2

0 0 .r r
f s

!
=

!
 

Thus 
0 2

0 .r f
r s
=
! !

 

Figure 34.101b   
 

From the results of part (a), 0 1

0 1
.r f

r f d
=

! −
 Combining the two results gives 1

1 2
.f f

f d s
=

!−
 


