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Last time

• magnification and refracting surfaces

• images formed by lenses



Overview

• images formed by lenses

• images formed by lens combinations

• wave behavior in optics

• diffraction effects

• Rayleigh criterion



Converging Lens Example, 36.8
A converging lens has a focal length of 10.0 cm.

(a) An object is placed 30.0 cm from the lens. Construct a ray
diagram, find the image distance, and describe the image.

(b) An object is placed 5.00 cm from the lens. Find the image
distance and describe the image.
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Example 36.8   Images Formed by a Converging Lens

A converging lens has a focal length of 10.0 cm.

(A)  An object is placed 30.0 cm from the lens. Con-
struct a ray diagram, find the image distance, and 
describe the image.

Conceptualize  Because the lens is converging, the focal 
length is positive (see Table 36.3). We expect the pos-
sibilities of both real and virtual images.

Categorize  Because the object 
distance is larger than the focal 
length, we expect the image to be 
real. The ray diagram for this situa-
tion is shown in Figure 36.28a.
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Figure 36.28  
(Example 36.8) An 
image is formed by a 
converging lens.

Analyze  Find the image distance by using Equation 36.16:
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Finalize  The positive sign for the image distance tells us that the image is indeed real and on the back side of the lens. 
The magnification of the image tells us that the image is reduced in height by one half, and the negative sign for M 
tells us that the image is inverted.

(B)  An object is placed 10.0 cm from the lens. Find the image distance and describe the image.

Categorize  Because the object is at the focal point, we expect the image to be infinitely far away.
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Finalize  This result means that rays originating from an object positioned at the focal point of a lens are refracted 
so that the image is formed at an infinite distance from the lens; that is, the rays travel parallel to one another after 
refraction.

(C)  An object is placed 5.00 cm from the lens. Construct a ray diagram, find the image distance, and describe the 
image.

Categorize  Because the object distance is smaller than the focal length, we expect the image to be virtual. The ray 
diagram for this situation is shown in Figure 36.28b.
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Finalize  This result means that rays originating from an object positioned at the focal point of a lens are refracted 
so that the image is formed at an infinite distance from the lens; that is, the rays travel parallel to one another after 
refraction.

(C)  An object is placed 5.00 cm from the lens. Construct a ray diagram, find the image distance, and describe the 
image.

Categorize  Because the object distance is smaller than the focal length, we expect the image to be virtual. The ray 
diagram for this situation is shown in Figure 36.28b.
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Converging Lens Example

(a) An object is placed 30.0 cm from the lens.

q = +15.0cm

M = −0.500

(b) An object is placed 5.00 cm from the lens.

q = −10.0cm

M = +2.00

(c) An object is placed 10.0 cm from the lens. Find the image
distance and describe the image.

q = ∞
No image is formed!



Converging Lens Example

(a) An object is placed 30.0 cm from the lens.

q = +15.0cm

M = −0.500

(b) An object is placed 5.00 cm from the lens.

q = −10.0cm

M = +2.00

(c) An object is placed 10.0 cm from the lens. Find the image
distance and describe the image.

q = ∞
No image is formed!



Ray Diagrams for Diverging Lenses

For Diverging Lenses:

1 Draw a ray from the top of the object parallel to the principle
axis refracted outward directly away focal point F on the front
side of the lens.

2 Draw a ray from the top of the object toward the focal point
on the back side of the lens and refracted parallel to the
principal axis.

3 Draw a ray from the top of the object through the center of
the lens, and continuing in a straight line.



Ray Diagrams for Diverging Lenses

1106 Chapter 36 Image Formation

 Figure 36.24 is useful for obtaining the signs of p and q, and Table 36.3 gives the 
sign conventions for thin lenses. These sign conventions are the same as those for 
refracting surfaces (see Table 36.2).
 Various lens shapes are shown in Figure 36.25. Notice that a converging lens is 
thicker at the center than at the edge, whereas a diverging lens is thinner at the 
center than at the edge.

Magnification of Images
Consider a thin lens through which light rays from an object pass. As with mirrors 
(Eq. 36.2), a geometric construction shows that the lateral magnification of the 
image is

 M 5
h r
h

5 2
q
p

 (36.17)

From this expression, it follows that when M is positive, the image is upright and on 
the same side of the lens as the object. When M is negative, the image is inverted 
and on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses
Ray diagrams are convenient for locating the images formed by thin lenses or sys-
tems of lenses. They also help clarify our sign conventions. Figure 36.26  shows such 
diagrams for three single-lens situations.
 To locate the image of a converging lens (Figs. 36.26a and 36.26b), the following 
three rays are drawn from the top of the object:

Front, or 
virtual, side

Incident light

Back, or
real, side

p negative
q positive

p positive
q negative

Refracted light

Converging or 
diverging lens

Figure 36.24  A diagram for 
obtaining the signs of p and q for 
a thin lens. (This diagram also 
applies to a refracting surface.)

Table 36.3 Sign Conventions for Thin Lenses
Quantity Positive When . . . Negative When . . .

Object location (p) object is in front of lens object is in back of lens
  (real object).  (virtual object).
Image location (q) image is in back of lens image is in front of lens
  (real image).  (virtual image).
Image height (h9) image is upright. image is inverted.
R1 and R 2 center of curvature is in back center of curvature is in front
  of lens.  of lens.
Focal length ( f ) a converging lens. a diverging lens.

Plano-
convex

Convex-
concave

Biconvex

Biconcave Convex-
concave

Plano-
concave

a

b

Figure 36.25  Various lens 
shapes. (a) Converging lenses 
have a positive focal length and 
are thickest at the middle.  
(b) Diverging lenses have a  
negative focal length and are 
thickest at the edges.
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When the object is in front of and outside 
the focal point of a converging lens, the 
image is real, inverted, and on the back side 
of the lens.

When the object is between the 
focal point and a converging lens, 
the image is virtual, upright, larger 
than the object, and on the front 
side of the lens.

When an object is anywhere in 
front of a diverging lens, the image 
is virtual, upright, smaller than the 
object, and on the front side of the 
lens.

Figure 36.26 Ray diagrams for locating the image formed by a thin lens.

The image formed is upright, virtual, and smaller in size.



Diverging Lenses

The image formed is upright, virtual, and smaller in size.

0Photo from the Capilano University Physics Dept. webpage.



Cases for Lenses

type of lens object dist image

f > 0,
converging,
convex

p > 2f real inverted diminished

f < p < 2f real inverted enlarged

p < f virtual upright enlarged

f < 0,
diverging,
concave

any p virtual upright diminished

1Notice that this table is actually identical to the one for mirrors, except
that the words “convex” and “concave” have been swapped.



Fresnel Lenses

 36.4 Images Formed by Thin Lenses 1107

lens, this ray passes through the focal point on the back side of the lens.

coming from the focal point if p , f ) and emerges from the lens parallel to 
the principal axis.

To locate the image of a diverging lens (Fig. 36.26c), the following three rays are 
drawn from the top of the object:

lens, this ray emerges directed away from the focal point on the front side of 
the lens.

lens and emerges from the lens parallel to the principal axis.

 For the converging lens in Figure 36.26a, where the object is to the left of the 
focal point (p . f ), the image is real and inverted. When the object is between 
the focal point and the lens (p , f ) as in Figure 36.26b, the image is virtual and 
upright. In that case, the lens acts as a magnifying glass, which we study in more 
detail in Section 36.8. For a diverging lens (Fig. 36.26c), the image is always virtual 
and upright, regardless of where the object is placed. These geometric construc-
tions are reasonably accurate only if the distance between the rays and the princi-
pal axis is much less than the radii of the lens surfaces.
 Refraction occurs only at the surfaces of the lens. A certain lens design takes 
advantage of this behavior to produce the Fresnel lens, a powerful lens without great 
thickness. Because only the surface curvature is important in the refracting quali-
ties of the lens, material in the middle of a Fresnel lens is removed as shown in the 
cross sections of lenses in Figure 36.27. Because the edges of the curved segments 
cause some distortion, Fresnel lenses are generally used only in situations in which 
image quality is less important than reduction of weight. A classroom overhead pro-
jector often uses a Fresnel lens; the circular edges between segments of the lens can 
be seen by looking closely at the light projected onto a screen.

Q uick Quiz 36.6  What is the focal length of a pane of window glass? (a) zero  
(b) infinity (c) the thickness of the glass (d) impossible to determine

Figure 36.27  A side view of the construction of a Fresnel lens. (a) The thick lens refracts a light ray 
as shown. (b) Lens material in the bulk of the lens is cut away, leaving only the material close to the 
curved surface. (c) The small pieces of remaining material are moved to the left to form a flat surface 
on the left of the Fresnel lens with ridges on the right surface. From a front view, these ridges would 
be circular in shape. This new lens refracts light in the same way as the lens in (a). (d) A Fresnel lens 
used in a lighthouse shows several segments with the ridges discussed in (c).
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Combinations of Lenses

Two or more lenses can be used in series to produce and image.

This is used in

• eyeglasses (your eyeball lens is the second lens)

• refracting telescopes

• microscopes

• camera zoom lenses

Lenses can also be used together with curved mirrors, for example
in reflecting telescopes.



Combinations of Lenses

Two thin lenses placed right up against each other (touching) will
act like one lens with a focal length

1

f
=

1

f1
+

1

f2

In other cases, the intermediate image formed by the first lens
must be found, and imaged again in the second lens to find the
final image.

The magnification of a series of lenses is the product of the
magnification produced by each one.



Combinations of Lenses Example 36.10

Two thin converging lenses of focal lengths f1 = 10.0 cm and
f2 = 20.0 cm are separated by 20.0 cm as illustrated. An object is
placed 30.0 cm to the left of lens 1.

Find the position and the magnification of the final image.

 36.4 Images Formed by Thin Lenses 1111

image formed by the first lens now serving as the object for the second lens. The 
second image formed is the final image of the system. If the image formed by the 
first lens lies on the back side of the second lens, that image is treated as a virtual 
object for the second lens (that is, in the thin lens equation, p is negative). The 
same procedure can be extended to a system of three or more lenses. Because the 
magnification due to the second lens is performed on the magnified image due to 
the first lens, the overall magnification of the image due to the combination of 
lenses is the product of the individual magnifications:

 M 5 M1M 2 (36.18)

This equation can be used for combinations of any optical elements such as a lens 
and a mirror. For more than two optical elements, the magnifications due to all ele-
ments are multiplied together.
 Let’s consider the special case of a system of two lenses of focal lengths f1 and 
f2 in contact with each other. If p1 5 p is the object distance for the combination, 
application of the thin lens equation (Eq. 36.16) to the first lens gives

1
p

1
1
q1

5
1
f1

where q1 is the image distance for the first lens. Treating this image as the object 
for the second lens, we see that the object distance for the second lens must be p2 5 
2q1. (The distances are the same because the lenses are in contact and assumed 
to be infinitesimally thin. The object distance is negative because the object is vir-
tual if the image from the first lens is real.) Therefore, for the second lens,

1
p2

1
1
q2

5
1
f2

   S   2
1
q1

1
1
q 5

1
f2

where q 5 q2 is the final image distance from the second lens, which is the image 
distance for the combination. Adding the equations for the two lenses eliminates q1 
and gives

1
p

1
1
q 5

1
f1

1
1
f2

If the combination is replaced with a single lens that forms an image at the same loca-
tion, its focal length must be related to the individual focal lengths by the expression
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f

5
1
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1
1
f2

 (36.19)

Therefore, two thin lenses in contact with each other are equivalent to a single thin 
lens having a focal length given by Equation 36.19.

�W  Focal length for a  
combination of two thin 
lenses in contact

Example 36.10   Where Is the Final Image?

Two thin converging lenses of focal lengths f1 5 10.0 cm 
and f2 5 20.0 cm are separated by 20.0 cm as illustrated 
in Figure 36.30. An object is placed 30.0 cm to the left 
of lens 1. Find the position and the magnification of the 
final image.

Conceptualize  Imagine light rays passing through the 
first lens and forming a real image (because p . f ) in 
the absence of a second lens. Figure 36.30 shows these 
light rays forming the inverted image I 1. Once the light 
rays converge to the image point, they do not stop. They 
continue through the image point and interact with the 

S O L U T I O N

O1

Lens 1 Lens 2

20.0 cm

6.67 cm
15.0 cm10.0 cm

30.0 cm

I1I2

Figure 36.30 (Example 36.10) A combination of two converg-
ing lenses. The ray diagram shows the location of the final image 
(I 2) due to the combination of lenses. The black dots are the focal 
points of lens 1, and the red dots are the focal points of lens 2.

continued



Combinations of Lenses Example 36.10

The second lens makes an image of the image formed by the first
lens. The object for the second lens is I1.

Use the lens equation twice in series.



Combinations of Lenses Example 36.10

The second lens makes an image of the image formed by the first
lens. The object for the second lens is I1.

Use the lens equation twice in series.



Moving beyond Ray Optics

Ray optics can tell us about the formation of images, but it cannot
tell us about the behavior of light that is specific to waves.

The ray approximation assumes that light will travel out from a
source in straight lines, unless it encounters a change of medium.

However light does also behave a wave and can change direction at
apertures: diffraction and interference.



Diffraction

We already know that light and other waves that travel through a
small gap (< λ) diverge, and that the smaller the gap, the more
divergence.

 35.4 Analysis Model: Wave Under Reflection 1061

35.3 The Ray Approximation in Ray Optics
The field of ray optics (sometimes called geometric optics) involves the study of the 
propagation of light. Ray optics assumes light travels in a fixed direction in a straight 
line as it passes through a uniform medium and changes its direction when it meets 
the surface of a different medium or if the optical properties of the medium are 
nonuniform in either space or time. In our study of ray optics here and in Chapter 
36, we use what is called the ray approximation. To understand this approximation, 
first notice that the rays of a given wave are straight lines perpendicular to the wave 
fronts as illustrated in Figure 35.3 for a plane wave. In the ray approximation, a 
wave moving through a medium travels in a straight line in the direction of its rays.
 If the wave meets a barrier in which there is a circular opening whose diameter 
is much larger than the wavelength as in Figure 35.4a, the wave emerging from the 
opening continues to move in a straight line (apart from some small edge effects); 
hence, the ray approximation is valid. If the diameter of the opening is on the 
order of the wavelength as in Figure 35.4b, the waves spread out from the opening 
in all directions. This effect, called diffraction, will be studied in Chapter 37. Finally, 
if the opening is much smaller than the wavelength, the opening can be approxi-
mated as a point source of waves as shown in Fig. 35.4c.
 Similar effects are seen when waves encounter an opaque object of dimension d. 
In that case, when l ,, d, the object casts a sharp shadow.
 The ray approximation and the assumption that l ,, d are used in this chapter 
and in Chapter 36, both of which deal with ray optics. This approximation is very 
good for the study of mirrors, lenses, prisms, and associated optical instruments 
such as telescopes, cameras, and eyeglasses.

35.4 Analysis Model: Wave Under Reflection
We introduced the concept of reflection of waves in a discussion of waves on 
strings in Section 16.4. As with waves on strings, when a light ray traveling in one 
medium encounters a boundary with another medium, part of the incident light 

From the particle under constant speed model, find the 
speed of the pulse of light:

c 5
2d
Dt

5
2 17 500 m 2

5.05 3 1025 s
5 2.97 3 108 m/s

Finalize  This result is very close to the actual value of the speed of light.

Rays

Wave fronts 

The rays, which always point in 
the direction of the wave 
propagation, are straight lines 
perpendicular to the wave fronts.

Figure 35.3  A plane wave prop-
agating to the right.

d

l ,, d l .. d

a b c

l ! d

When l ,, d, the rays continue 
in a straight-line path and the 
ray approximation remains valid.

When l ! d, the rays 
spread out after passing 
through the opening.

When l .. d, the opening 
behaves as a point source 
emitting spherical waves.

Figure 35.4 A plane wave of 
wavelength l is incident on a bar-
rier in which there is an opening 
of diameter d.

 

▸ 35.1 c o n t i n u e d

The intensity of light in each direction is not the same however.



Diffraction Patterns

1162 Chapter 38 Diffraction Patterns and Polarization

a Fraunhofer diffraction pattern. A bright fringe is observed along the axis at u 5 0, 
with alternating dark and bright fringes on each side of the central bright fringe.
 Until now, we have assumed slits are point sources of light. In this section, we 
abandon that assumption and see how the finite width of slits is the basis for under-
standing Fraunhofer diffraction. We can explain some important features of this 
phenomenon by examining waves coming from various portions of the slit as shown 
in Figure 38.5. According to Huygens’s principle, each portion of the slit acts as a 
source of light waves. Hence, light from one portion of the slit can interfere with 
light from another portion, and the resultant light intensity on a viewing screen 
depends on the direction u. Based on this analysis, we recognize that a diffraction 
pattern is actually an interference pattern in which the different sources of light are 
different portions of the single slit! Therefore, the diffraction patterns we discuss 
in this chapter are applications of the waves in interference analysis model.
 To analyze the diffraction pattern, let’s divide the slit into two halves as shown in 
Figure 38.5. Keeping in mind that all the waves are in phase as they leave the slit, 
consider rays 1 and 3. As these two rays travel toward a viewing screen far to the 
right of the figure, ray 1 travels farther than ray 3 by an amount equal to the path 
difference (a/2) sin u, where a is the width of the slit. Similarly, the path difference 
between rays 2 and 4 is also (a/2) sin u, as is that between rays 3 and 5. If this path 
difference is exactly half a wavelength (corresponding to a phase difference of 180°), 
the pairs of waves cancel each other and destructive interference results. This cancel-
lation occurs for any two rays that originate at points separated by half the slit width 
because the phase difference between two such points is 180°. Therefore, waves from 
the upper half of the slit interfere destructively with waves from the lower half when

a
2

 sin u 5
l

2

or, if we consider waves at angle u both above the dashed line in Figure 38.5 and 
below,

sin u 5  6
l

a

 Dividing the slit into four equal parts and using similar reasoning, we find that 
the viewing screen is also dark when

sin u 5 62 
l

a

Likewise, dividing the slit into six equal parts shows that darkness occurs on the 
screen when

sin u 5 63 
l

a

Pitfall Prevention 38.1
Diffraction Versus Diffraction 
Pattern Diffraction refers to the 
general behavior of waves spread-
ing out as they pass through a slit. 
We used diffraction in explaining 
the existence of an interference 
pattern in Chapter 37. A diffraction 
pattern is actually a misnomer, but 
is deeply entrenched in the lan-
guage of physics. The diffraction 
pattern seen on a screen when a 
single slit is illuminated is actually 
another interference pattern. The 
interference is between parts of 
the incident light illuminating dif-
ferent regions of the slit.

Figure 38.4 (a) Geometry for 
analyzing the Fraunhofer diffrac-
tion pattern of a single slit. (Draw-
ing not to scale.) (b) Simulation  
of a single-slit Fraunhofer diffrac-
tion pattern.

Slit

min

min

min

min

max

max

max

Incoming
wave Viewing screen

u

The pattern consists of a 
central bright fringe flanked 
by much weaker maxima 
alternating with dark fringes.

a b

L

Each portion of the slit acts as 
a point source of light waves.

a

a/2

a/2

2

3

2

5

4

1

u

The path difference between 
rays 1 and 3, rays 2 and 4, or 
rays 3 and 5 is (a/ 2) sin u.

sin u
a 

Figure 38.5  Paths of light rays 
that encounter a narrow slit of 
width a and diffract toward a 
screen in the direction described 
by angle u (not to scale).



Diffraction Spikes

1NASA, ESA, and H. Richer (University of British Columbia); Svon
Halenbach



Diffraction Spikes in Camera Apertures

Iris diaphragms adjust the amount of light allowed into a camera
body.

They cause characteristic diffraction patterns on photos taken of
bright lights.

1Wikipedia user Cmglee



Diffraction Patterns: Arago Spot
Directly in the center of the shadow produced by a round object lit
with coherent light, a spot of light can be observed!

This is called the Arago spot, Fresnel bright spot, or Poisson spot.

1Photo taken at Exploratorium in SF, own work.



Resolution and the Rayleigh criterion

Diffraction effects mean that we cannot perfectly resolve objects.

We use optical systems like our eyes, a camera, or a telescope to
view distant objects and interpret them.

Imagine two distant stars. If they are very close together, or so far
away that they make a very small angle to each other in the sky,
they may look like only one star.

When can we distinguish them as two separate points?



Resolution and the Rayleigh criterion

1166 Chapter 38 Diffraction Patterns and Polarization

38.3 Resolution of Single-Slit and Circular Apertures
The ability of optical systems to distinguish between closely spaced objects is lim-
ited because of the wave nature of light. To understand this limitation, consider 
Figure 38.8, which shows two light sources far from a narrow slit of width a. The 
sources can be two noncoherent point sources S1 and S2; for example, they could 
be two distant stars. If no interference occurred between light passing through dif-
ferent parts of the slit, two distinct bright spots (or images) would be observed on 
the viewing screen. Because of such interference, however, each source is imaged 
as a bright central region flanked by weaker bright and dark fringes, a diffraction 
pattern. What is observed on the screen is the sum of two diffraction patterns: one 
from S1 and the other from S2.
 If the two sources are far enough apart to keep their central maxima from over-
lapping as in Figure 38.8a, their images can be distinguished and are said to be 
resolved. If the sources are close together as in Figure 38.8b, however, the two cen-
tral maxima overlap and the images are not resolved. To determine whether two 
images are resolved, the following condition is often used:

When the central maximum of one image falls on the first minimum of 
another image, the images are said to be just resolved. This limiting condition 
of resolution is known as Rayleigh’s criterion.

 From Rayleigh’s criterion, we can determine the minimum angular separation 
umin subtended by the sources at the slit in Figure 38.8 for which the images are just 
resolved. Equation 38.1 indicates that the first minimum in a single-slit diffraction 
pattern occurs at the angle for which

sin u 5
l

a

where a is the width of the slit. According to Rayleigh’s criterion, this expres-
sion gives the smallest angular separation for which the two images are resolved. 
Because l ,, a in most situations, sin u is small and we can use the approximation 
sin u < u. Therefore, the limiting angle of resolution for a slit of width a is

 umin 5
l

a  (38.5)

where umin is expressed in radians. Hence, the angle subtended by the two sources 
at the slit must be greater than l/a if the images are to be resolved.
 Many optical systems use circular apertures rather than slits. The diffraction pat-
tern of a circular aperture as shown in the photographs of Figure 38.9 consists of 

a b

Slit Viewing screen Slit Viewing screen

u
u

The angle subtended by the 
sources at the slit is large 
enough for the diffraction 
patterns to be distinguishable.

The angle subtended by the 
sources is so small that their 
diffraction patterns overlap, and 
the images are not well resolved.

S1

S2

S1

S2

Figure 38.8  Two point sources 
far from a narrow slit each pro-
duce a diffraction pattern. (a) The 
sources are separated by a large 
angle. (b) The sources are sepa-
rated by a small angle. (Notice that 
the angles are greatly exaggerated. 
The drawing is not to scale.)

When the central maximum of one falls on the first dark fringe of
the other, the two images begin to look like they came from one
object.

θmin ≈ sin θmin =
λ

a
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a central circular bright disk surrounded by progressively fainter bright and dark 
rings. Figure 38.9 shows diffraction patterns for three situations in which light from 
two point sources passes through a circular aperture. When the sources are far 
apart, their images are well resolved (Fig. 38.9a). When the angular separation of 
the sources satisfies Rayleigh’s criterion, the images are just resolved (Fig. 38.9b). 
Finally, when the sources are close together, the images are said to be unresolved 
(Fig. 38.9c) and the pattern looks like that of a single source.
 Analysis shows that the limiting angle of resolution of the circular aperture is

 umin 5 1.22 
l

D
 (38.6)

where D is the diameter of the aperture. This expression is similar to Equation 38.5 
except for the factor 1.22, which arises from a mathematical analysis of diffraction 
from the circular aperture.

Q uick Quiz 38.3  Cat’s eyes have pupils that can be modeled as vertical slits. At 
night, would cats be more successful in resolving (a) headlights on a distant car 
or (b) vertically separated lights on the mast of a distant boat?

Q uick Quiz 38.4  Suppose you are observing a binary star with a telescope and 
are having difficulty resolving the two stars. You decide to use a colored filter to 
maximize the resolution. (A filter of a given color transmits only that color of 
light.) What color filter should you choose? (a) blue (b) green (c) yellow (d) red

�W  Limiting angle of resolution 
for a circular aperture

a b c

The sources are 
far apart, and 
the patterns are 
well resolved.

The sources are 
so close together 
that the patterns 
are not resolved.

The sources are closer together 
such that the angular separation 
satisfies Rayleigh’s criterion, and 
the patterns are just resolved.

Figure 38.9  Individual diffraction 
patterns of two point sources (solid 
curves) and the resultant patterns 
(dashed curves) for various angular 
separations of the sources as the light 
passes through a circular aperture. 
In each case, the dashed curve is the 
sum of the two solid curves.

Example 38.2   Resolution of the Eye

Light of wavelength 500 nm, near the center of the visible spectrum, enters a human eye. Although pupil diameter var-
ies from person to person, let’s estimate a daytime diameter of 2 mm.

(A)  Estimate the limiting angle of resolution for this eye, assuming its resolution is limited only by diffraction.

Conceptualize  Identify the pupil of the eye as the aperture through which the light travels. Light passing through this 
small aperture causes diffraction patterns to occur on the retina.

Categorize  We determine the result using equations developed in this section, so we categorize this example as a sub-
stitution problem.

S O L U T I O N

continued



Resolution and the Rayleigh criterion

For circular points being resolved, the Rayleigh Criterion is:

θmin = 1.22
λ

D

where D is the diameter of the aperture.

The 1.22 factor comes from a full analysis of the 2-dimensional
diffraction pattern for a circular aperture.



Summary

• images formed by lenses

• images formed by lens combinations

• wave behavior in optics

• diffraction effects

• Raleigh criterion

Final Exam 9:15-11:15am, Tuesday, June 23.

Homework Serway & Jewett: (suggested)

• Ch 37, onward from page 1150. OQs: 3, 9; CQs: 3, 5; Probs:
19, 21 (Young’s experiment)

• Ch 38, onward from page 1182. Probs: 10, 15, 21 (diffraction
and resolution)


