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S > 2f
real

inverted
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real
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bigger
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virtual
upright
bigger
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virtual
upright
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f < 0

Executive Summary – Mirrors & Lenses:

fConverging

Diverging ff
Convex

(diverging)

fConcave
(Converging)
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Lens	
  sign	
  conven3ons

S:	
  	
  	
  posi3ve	
  if	
  object	
  is	
  “upstream”	
  of	
  lens	
  
S’ :	
  	
  posi3ve	
  if	
  image	
  is	
  “downstream”	
  of	
  lens
f:	
  	
  	
  	
  posi3ve	
  if	
  converging	
  lens

Mirrors	
  sign	
  conven3ons

S:	
  	
  	
  posi3ve	
  if	
  object	
  is	
  “upstream”	
  of	
  mirror	
  
S’:	
  	
  posi3ve	
  if	
  image	
  is	
  “upstream”	
  of	
  mirror
f:	
  	
  	
  	
  posi3ve	
  if	
  converging	
  mirror	
  (concave)

s’ is	
  posi3ve	
  for	
  a	
  real	
  image
f	
  is	
  posi3ve	
  when	
  it	
  can	
  produce	
  a	
  real	
  image	
  

You	
  just	
  have	
  to	
  keep	
  the	
  signs	
  straight:

It’s Always the Same:
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System of Lenses
Trace	
  rays	
  through	
  lenses,	
  beginning	
  with	
  most	
  upstream	
  lens

Image	
  from	
  first	
  lens
Becomes	
  object	
  for	
  second	
  lens
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System of Lenses
Virtual	
  Objects	
  are	
  Possible	
  !!

Image	
  from	
  first	
  lens
Becomes	
  object	
  for	
  second	
  lens

Object	
  Distance	
  is	
  Nega3ve!
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Normal Eye
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Converging	
  Lens	
  creates	
  virtual	
  image	
  at	
  person’s	
  actual	
  near	
  point

Far-Sighted
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Fix	
  with	
  diverging	
  lens	
  that	
  creates	
  virtual	
  image	
  at	
  far	
  point.

Near-Sighted
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Farsighted	
  =	
  Converging	
  Lens
Only	
  Converging	
  Lens	
  can	
  produce	
  a	
  real	
  

image!

A
B

CheckPoint 2
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The	
  image	
  is	
  formed	
  an	
  equal	
  distance	
  behind	
  the	
  mirror
Therefore,	
  if	
  you	
  stand	
  a	
  distance	
  =	
  ½	
  of	
  your	
  near	
  point,	
  the	
  distance	
  to	
  the	
  
image	
  will	
  be	
  the	
  near	
  point	
  distance.	
  

d d

θr
θi

A
B
C

CheckPoint 4
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A
B
C
D
E

1. 	
  Parallel	
  rays	
  are	
  transmibed	
  and	
  pass	
  through	
  focal	
  	
  	
  
point	
  (f1)

2. 	
  Those	
  rays	
  also	
  pass	
  through	
  focal	
  point	
  of	
  second	
  
lens	
  (f2) and	
  therefore	
  are	
  transmibed	
  parallel	
  to	
  
the	
  axis.

3. 	
  f2 > f1 implies	
  that	
  the	
  width	
  > w1

CheckPoint 6
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Multiple Lenses Exercises

What	
  is	
  the	
  nature	
  of	
  the	
  final	
  image	
  in	
  terms	
  of	
  the	
  original	
  object?
	
  	
  A)	
  	
  REAL	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  B)	
  REAL	
  	
  	
  	
  	
  	
   	
   	
  C)	
  	
  VIRTUAL	
   	
   	
  D)	
  	
  VIRTUAL
	
  	
  	
  	
  	
  UPRIGHT	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  INVERTED	
   	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  UPRIGHT	
   	
   	
  	
  	
  	
  	
  INVERTED	
  

	
   	
   	
  	
  	
  	
  

s1 = 58 cm
f = 47 cm

	
  EQUATIONS 	
  PICTURES

Draw	
  Rays	
  as	
  above.

s1ʹ′ = 2.48 m

Suppose	
  we	
  now	
  decrease	
  the	
  ini3al	
  object	
  distance	
  to	
  58	
  cm.	
  	
  Applying	
  
the	
  lens	
  equa3on,	
  we	
  find	
  s1’ = 2.48m

s2 = −0.48 m

s2ʹ′ = 0.24 m
M = −2.1

RESULTS

Lens	
  separa3on	
  = 2 m

real	
  image

M = M1M2 < 0

inverted	
  image

s2ʹ′ > 0

M2 > 0
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Magnifying Glass
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F I G U R E  3 2 - 5 0

Text

The Magnifying Glass is just a lens which creates a virtual image!.
Optical Instruments S E C T I O N  3 2 - 4 | 1125
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(b)(a)

F I G U R E  3 2 - 5 1 (a) An object at the near
point subtends an angle at the naked eye.
(b) When the object is at the focal point of the
converging lens, the rays emerge from the lens
parallel and enter the eye as if they came from
an object a very large distance away. The
image can thus be viewed at infinity by the
relaxed eye. When is less than the near-point
distance, the converging lens allows the object
to be brought closer to the eye. This increases
the angle subtended by the object to thereby
increasing the size of the image on the retina.

u,

f

uo

In Figure 32-51a, a small object of height is at the near point of the eye at a
distance The angle subtended, is given approximately by

In Figure 32-51b, a converging lens of focal length that is smaller than is
placed a negligible distance in front of the eye, and the object is placed in the focal
plane of the lens. The rays emerge from the lens parallel, indicating that the image
is located an infinite distance in front of the lens. The parallel rays are focused by
the relaxed eye on the retina. The angle subtended by this image is equal to the
angle subtended by the object (assuming that the lens is a negligible distance from
the eye). The angle subtended by the object is approximately

The ratio is called the angular magnification or magnifying power M of the lens:

32-20

Simple magnifiers are used as eyepieces (called oculars) in microscopes and tele-
scopes to view a real image formed by another lens or lens system. To correct aber-
rations, combinations of lenses that result in a short positive focal length may be
used in place of a single lens, but the principle of the simple magnifier is the same.
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Try It YourselfExample 32-14 Angular Magnification of a Simple Magnifier

A person who has a near point of uses a lens as a simple magnifier. What angu-
lar magnification is obtained?

PICTURE The angular magnification is found from the focal length (Equation 32-20),
which is the reciprocal of the power.

SOLVE

Cover the column to the right and try these on your own before looking at the answers.

f

40-D25 cm

Steps Answers

1. Calculate the focal length of the lens using 
(Equation 32-13).

P ! 1>f f ! 2.5 cm

2. Use your result from step 1 and incorporate the result into
Equation 32-20 to calculate the angular magnification.

10M !

TAKING IT FURTHER Looking through the lens, the object appears 10 times larger because
it can be placed at rather than at from the eye, thus increasing the size of the
image on the retina tenfold.

PRACTICE PROBLEM 32-13 What is the angular magnification in this example if the near
point of the person is rather than 25 cm?30 cm

25 cm2.5 cm
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In Figure 32-51a, a small object of height is at the near point of the eye at a
distance The angle subtended, is given approximately by

In Figure 32-51b, a converging lens of focal length that is smaller than is
placed a negligible distance in front of the eye, and the object is placed in the focal
plane of the lens. The rays emerge from the lens parallel, indicating that the image
is located an infinite distance in front of the lens. The parallel rays are focused by
the relaxed eye on the retina. The angle subtended by this image is equal to the
angle subtended by the object (assuming that the lens is a negligible distance from
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In Figure 32-51a, a small object of height is at the near point of the eye at a
distance The angle subtended, is given approximately by

In Figure 32-51b, a converging lens of focal length that is smaller than is
placed a negligible distance in front of the eye, and the object is placed in the focal
plane of the lens. The rays emerge from the lens parallel, indicating that the image
is located an infinite distance in front of the lens. The parallel rays are focused by
the relaxed eye on the retina. The angle subtended by this image is equal to the
angle subtended by the object (assuming that the lens is a negligible distance from
the eye). The angle subtended by the object is approximately

The ratio is called the angular magnification or magnifying power M of the lens:

32-20

Simple magnifiers are used as eyepieces (called oculars) in microscopes and tele-
scopes to view a real image formed by another lens or lens system. To correct aber-
rations, combinations of lenses that result in a short positive focal length may be
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A person who has a near point of uses a lens as a simple magnifier. What angu-
lar magnification is obtained?

PICTURE The angular magnification is found from the focal length (Equation 32-20),
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f

40-D25 cm

Steps Answers

1. Calculate the focal length of the lens using 
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Equation 32-20 to calculate the angular magnification.

10M !
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it can be placed at rather than at from the eye, thus increasing the size of the
image on the retina tenfold.
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In Figure 32-51a, a small object of height is at the near point of the eye at a
distance The angle subtended, is given approximately by

In Figure 32-51b, a converging lens of focal length that is smaller than is
placed a negligible distance in front of the eye, and the object is placed in the focal
plane of the lens. The rays emerge from the lens parallel, indicating that the image
is located an infinite distance in front of the lens. The parallel rays are focused by
the relaxed eye on the retina. The angle subtended by this image is equal to the
angle subtended by the object (assuming that the lens is a negligible distance from
the eye). The angle subtended by the object is approximately

The ratio is called the angular magnification or magnifying power M of the lens:

32-20

Simple magnifiers are used as eyepieces (called oculars) in microscopes and tele-
scopes to view a real image formed by another lens or lens system. To correct aber-
rations, combinations of lenses that result in a short positive focal length may be
used in place of a single lens, but the principle of the simple magnifier is the same.
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Try It YourselfExample 32-14 Angular Magnification of a Simple Magnifier

A person who has a near point of uses a lens as a simple magnifier. What angu-
lar magnification is obtained?

PICTURE The angular magnification is found from the focal length (Equation 32-20),
which is the reciprocal of the power.

SOLVE

Cover the column to the right and try these on your own before looking at the answers.

f

40-D25 cm

Steps Answers

1. Calculate the focal length of the lens using 
(Equation 32-13).

P ! 1>f f ! 2.5 cm

2. Use your result from step 1 and incorporate the result into
Equation 32-20 to calculate the angular magnification.

10M !

TAKING IT FURTHER Looking through the lens, the object appears 10 times larger because
it can be placed at rather than at from the eye, thus increasing the size of the
image on the retina tenfold.

PRACTICE PROBLEM 32-13 What is the angular magnification in this example if the near
point of the person is rather than 25 cm?30 cm

25 cm2.5 cm

Even though the virtual image is far away, θ is bigger and makes a 
bigger image on the retina: Angular magnification

“Naked” eye
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Experimental Measurement of M



The Compound Microscope
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A	
  combina3on	
  of	
  two	
  converging	
  lens	
  makes	
  
a	
  Microscope.

In	
  a	
  Microscope	
  the	
  distance	
  between	
  the	
  
two	
  lens	
  that	
  is	
  comparable	
  to	
  the	
  focal	
  
length	
  of	
  the	
  two	
  lens.

The	
  first	
  lens	
  is	
  the	
  Objec3ve	
  lens,	
  the	
  
second	
  one	
  called	
  Eyepiece.

*THE COMPOUND MICROSCOPE
The compound microscope (Figure 32-52) is used to look at very small objects at
short distances. In its simplest form, it consists of two converging lenses. The lens
nearest the object, called the objective, forms a real image of the object. This image
is enlarged and inverted. The lens nearest the eye, called the eyepiece or ocular, is
used as a simple magnifier to view the image formed by the objective. The eyepiece
is placed so that the image formed by the objective falls at the first focal point of
the eyepiece. The light from each point on the object thus emerges from the eye-
piece as a parallel beam, as if it were coming from a point a great distance in front
of the eye. (This is commonly called viewing the image at infinity.)

The distance between the second focal point of the objective and the first focal
point of the eyepiece is called the tube length The tube length is fixed at 
The object is placed just outside the first focal point of the objective so that an
enlarged image is formed at the first focal point of the eyepiece a distance 
from the objective, where is the focal length of the objective. From Figure 32-52,

The lateral magnification of the objective is therefore
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Objective Eyepiece

F I G U R E  3 2 - 5 2 Schematic diagram of
a compound microscope consisting of two
positive lenses, the objective of focal length 
and the eyepiece of focal length The real
image of the object formed by the objective is
viewed by the eyepiece, which acts as a
simple magnifier. The final image is at infinity.

fe .
fo

(a)

(d)

(b)

(a) The human eye in profile. (b) The lens of the
eye is kept in place by the ciliary muscle (shown
here in the upper left), which rings the lens. When
the ciliary muscle contracts, the lens tends to
bulge. The greater lens curvature enables the eye
to focus on nearby objects. (c) Some of the
120 million rods and 7 million cones in the eye,
magnified approximately 5000 times. The rods
(the more slender of the two) are more sensitive
in dim light, whereas the cones are more sensitive
to color. The rods and cones form the bottom layer
of the retina and are covered by nerve cells,
blood vessels, and supporting cells. Most of the
light entering the eye is reflected or absorbed
before reaching the rods and cones. The light that
does reach them triggers electrical impulses
along nerve fibers that ultimately reach the brain.
(d) A neural net used in the vision system of
certain robots. Loosely modeled on the human
eye, it contains 1920 sensors. ((a), (b) and (c) Lennart
Nilsson, (d) Courtesy IMEC and University of
Pennsylvania Department of Electrical Engineering.)
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eye, it contains 1920 sensors. ((a), (b) and (c) Lennart
Nilsson, (d) Courtesy IMEC and University of
Pennsylvania Department of Electrical Engineering.)

*THE TELESCOPE
A telescope is used to view objects that are far away and are often
large. The telescope works by creating a real image of the object
that is much closer than the object. The astronomical telescope,
illustrated schematically in Figure 32-53, consists of two con-
verging lenses—an objective lens that forms a real, inverted
image and an eyepiece that is used as a simple magnifier to view
that image. Because the object is very far away, the image of the
objective lies in the focal plane of the objective, and the image dis-
tance equals the focal length The image formed by the objec-
tive is much smaller than the object (because the object distance is

fo .
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The angular magnification of the eyepiece (from Equation 32-20) is

where is the near-point distance of the viewer and is the focal length of the eye-
piece. The magnifying power of the compound microscope is the product of the lat-
eral magnification of the objective and the angular magnification of the eyepiece:
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(a) 1. The magnifying power is given by Equation 32-22: M ! "
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2. The tube length is the distance between the lenses minus
the focal distances:

L L ! 20.0 cm " 2.0 cm " 1.2 cm ! 16.8 cm

3. Substitute this value for and the given values of 
and to calculate M:fe
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(b) 1. Calculate the object distance in terms of the image distance
for the objective and the focal length fo:s#
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2. From Figure 32-52, the image distance for the image of the
objective is fo $ L:
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1
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! 18.0 cms# ! fo $ L ! 1.2 cm $ 16.8 cm

3. Substitute to calculate s:

CHECK The magnifying power is very large, which is the purpose of a compound microscope.

TAKING IT FURTHER The object should thus be placed at from the objective or
outside its first focal point.0.1 cm

1.3 cm

Example 32-15 The Compound Microscope

A microscope has an objective lens that has a focal length equal to and an eyepiece that
has a focal length equal to These lenses are separated by (a) Find the magni-
fying power if the near point of the viewer is (b) Where should the object be placed
if the final image is to be viewed at infinity?

PICTURE To calculate the magnifying power, we use Equation 32-22. To calculate the object
distance for the objective, we use the lens equation.

SOLVE

25.0 cm.
20.0 cm.2.0 cm.
1.2 cm

fo fe
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Objective Eyepiece

θo
θeθo

F I G U R E  3 2 - 5 3 Schematic diagram of an astronomical telescope.
The objective lens forms a real, inverted image of a distant object near
its second focal point, which coincides with the first focal point of the
eyepiece. The eyepiece serves as a simple magnifier to view the image.
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much larger than the focal length of the objective). For example, if we are looking at
the moon, the image of the moon formed by the objective is much smaller than the
moon itself. The function of the objective is not to magnify the object, but to produce
an image that is close enough to us so it can be magnified by the eyepiece acting as a
simple magnifier. The eyepiece is placed a distance from the image, where is the
focal length of the eyepiece, so the final image can be viewed at infinity. Because this
image is at the second focal plane of the objective and at the first focal plane of the
eyepiece, the objective lens and the eyepiece must be separated by the sum of the focal
lengths of the objective lens and eyepiece, 

The magnifying power of the telescope is the angular magnification where
is the angle subtended by the virtual image produced by the eyepiece as viewed

through the eyepiece, and is the angle subtended by the object when it is viewed
directly by the unaided eye. The angle is the same as that subtended by the object
at the objective shown in Figure 32-53. (The distance from a distant object, such as
the moon, to the objective is essentially the same as the distance to the eye.) From
this figure, we can see that

where we have used the small-angle approximation The angle in the
figure is that subtended by the image at infinity formed by the eyepiece:

Because is negative, is negative, indicating that the image is inverted. The mag-
nifying power of the telescope is then

32-23

MAGNIFYING POWER OF A TELESCOPE

From Equation 32-23, we can see that a large magnifying power is obtained with an
objective of large focal length and an eyepiece of short focal length.
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Objective
mirror

F I G U R E  3 2 - 5 4 A reflecting telescope
uses a concave mirror instead of a lens for its
objective. Because the viewer compartment
blocks off some of the incoming light, the
arrangement shown here is used only in
telescopes with very large objective mirrors.

Objective
mirror

Secondary
mirror

Viewing
area

F I G U R E  3 2 - 5 5 This reflecting telescope
has a secondary mirror to redirect the light
through a small hole in the objective mirror,
thus providing more room for auxiliary
instruments in the viewing area.

PRACTICE PROBLEM 32-14
The world’s largest refracting telescope is at the Yerkes Observatory of the University of
Chicago at Williams Bay, Wisconsin. The telescope’s objective has a diameter of 
and a focal length of The focal length of the eyepiece is What is its mag-
nifying power?

10.0 cm.19.5 m.
1.02 m

The main consideration with an astronomical telescope is not its magnifying
power but its light-gathering power, which depends on the size of the objective. The
larger the objective, the brighter the image. Very large lenses without aberrations are
difficult to produce. In addition, there are mechanical problems in supporting very
large, heavy lenses by their edges. A reflecting telescope (Figure 32-54 and Figure
32-55) uses a concave mirror instead of a lens for its objective. The mirror offers
several advantages. For example, a mirror does not produce chromatic aberration.
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