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33.32 Clouds are white because they effi-
ciently scatter sunlight of all wavelengths.

33.33 Applying Huygens’s principle to
wave front AA’ to construct a new wave
front BB'.
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33.34 Using Huygens’s principle to derive
the law of reflection.

(a) Successive positions of a plane wave AA’ as
it is reflected from a plane surface
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CHAPTER 33 The Nature and Propagation of Light

Clouds contain a high concentration of suspended water droplets or ice
crystals, which also scatter light. Because of this high concentration, light pass-
ing through the cloud has many more opportunities for scattering than does light
passing through a clear sky. Thus light of all wavelengths is eventually scattered
out of the cloud, so the cloud looks white (Fig. 33.32). Milk looks white for the
same reason; the scattering is due to fat globules suspended in the milk.

Near sunset, when sunlight has to travel a long distance through the earth’s
atmosphere, a substantial fraction of the blue light is removed by scattering.
White light minus blue light looks yellow or red. This explains the yellow or red
hue that we so often see from the setting sun (and that is seen by the observer at
the far right of Fig. 33.31).

33.7 HUYGENS'S PRINCIPLE

The laws of reflection and refraction of light rays, as introduced in Section 33.2,
were discovered experimentally long before the wave nature of light was firmly
established. However, we can derive these laws from wave considerations and
show that they are consistent with the wave nature of light.

We begin with a principle called Huygens’s principle. This principle, stated
originally by the Dutch scientist Christiaan Huygens in 1678, is a geometrical
method for finding, from the known shape of a wave front at some instant, the
shape of the wave front at some later time. Huygens assumed that every point of
a wave front may be considered the source of secondary wavelets that spread
out in all directions with a speed equal to the speed of propagation of the
wave. The new wave front at a later time is then found by constructing a surface
tangent to the secondary wavelets or, as it is called, the envelope of the wavelets.
All the results that we obtain from Huygens’s principle can also be obtained from
Maxwell’s equations, but Huygens’s simple model is easier to use.

Figure 33.33 illustrates Huygens’s principle. The original wave front AA’ is
traveling outward from a source, as indicated by the arrows. We want to find the
shape of the wave front after a time interval . We assume that v, the speed of
propagation of the wave, is the same at all points. Then in time ¢ the wave front
travels a distance vt. We construct several circles (traces of spherical wavelets)
with radius r = vt, centered at points along AA’. The trace of the envelope of
these wavelets, which is the new wave front, is the curve BB’.

Reflection and Huygens's Principle

To derive the law of reflection from Huygens’s principle, we consider a plane
wave approaching a plane reflecting surface. In Fig. 33.34a the lines AA’, OB’,
and NC'’ represent successive positions of a wave front approaching the surface
MM'. Point A on the wave front AA’ has just arrived at the reflecting surface.
We can use Huygens’s principle to find the position of the wave front after a time
interval ¢. With points on AA’ as centers, we draw several secondary wavelets
with radius vt. The wavelets that originate near the upper end of AA" spread out
unhindered, and their envelope gives the portion OB’ of the new wave front. If
the reflecting surface were not there, the wavelets originating near the lower end
of AA" would similarly reach the positions shown by the broken circular arcs.
Instead, these wavelets strike the reflecting surface.

The effect of the reflecting surface is to change the direction of travel of those
wavelets that strike it, so the part of a wavelet that would have penetrated the sur-
face actually lies to the left of it, as shown by the full lines. The first such wavelet
is centered at point A; the envelope of all such reflected wavelets is the portion
OB of the wave front. The trace of the entire wave front at this instant is the bent
line BOB'. A similar construction gives the line CNC’ for the wave front after
another interval 7.
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From plane geometry the angle 6, between the incident wave front and the
surface is the same as that between the incident ray and the normal to the surface
and is therefore the angle of incidence. Similarly, 0, is the angle of reflection. To
find the relationship between these angles, we consider Fig. 33.34b. From O we
draw OP = vt, perpendicular to AA’. Now OB, by construction, is tangent to a
circle of radius vt with center at A. If we draw AQ from A to the point of tan-
gency, the triangles APO and OQA are congruent because they are right triangles
with the side AO in common and with AQ = OP = vt. The angle 6, therefore
equals the angle 6,, and we have the law of reflection.

Refraction and Huygens'’s Principle

We can derive the law of refraction by a similar procedure. In Fig. 33.35a we  33.35 Using Huygens’s principle to
consider a wave front, represented by line AA’, for which point A has just arrived ~ derive the law of refraction. The case

at the boundary surface SS’ between two transparent materials ¢ and b, with < Va (np > ng) is shown.

indexes of refraction n, and n;, and wave speeds v, and v,,. (The reflected waves (a) Successive positions of a plane wave AA’
are not shown; they proceed as in Fig. 33.34.) We can apply Huygens’s principle  asitis refracted by a plane surface

to find the position of the refracted wave fronts after a time 7. s

. . nﬂ >
With points on AA’ as centers, we draw several secondary wavelets. Those c Z” - Z”
originating near the upper end of AA' travel with speed v, and, after a time inter- b

val ¢, are spherical surfaces of radius v,t. The wavelet originating at point A, B »

however, is traveling in the second material » with speed v, and at time ¢ is a A’
spherical surface of radius v,t. The envelope of the wavelets from the original
wave front is the plane whose trace is the bent line BOB'. A similar construction
leads to the trace CPC" after a second interval 7.
The angles 6, and 6, between the surface and the incident and refracted wave
fronts are the angle of incidence and the angle of refraction, respectively. To find o

v,t
the relationship between these angles, refer to Fig. 33.35b. We draw OQ = v,t,
perpendicular to AQ, and we draw AB = vt, perpendicular to BO. From the
right triangle AOQ, 9,
0{1
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and from the right triangle AOB, Material a § Material b
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sin6), = b (b) Magnified portion of (a)
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Combining these, we find
sinf, v,
. = (33.9) 0
S 0[, Up
A
We have defined the index of refraction n of a material as the ratio of the speed of Ul
light ¢ in vacuum to its speed v in the material: n, = ¢/v, and n, = ¢/v;,. Thus 0 6,
n, c/vp _Uq
ng C/ Ua Up
and we can rewrite Eq. (33.9) as 6,
sinf, n
. = or B
sinf, N, vyt
. . A
n,sinf, = n,sinf,
Material a Material b

which we recognize as Snell’s law, Eq. (33.4). So we have derived Snell’s law
from a wave theory. Alternatively, we can regard Snell’s law as an experimental
result that defines the index of refraction of a material; in that case this analysis
helps confirm the relationship v = ¢/n for the speed of light in a material.
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33.36 How mirages are formed.

Higher up, the wave fronts travel
approximately straight.
vt

Hot 2

surface The hot air near ground has a smaller n than cooler air
higher up, so light travels fastest near the ground. Thus,
the secondary wavelets nearest the ground have the
largest radii vz, and the wave fronts tilt as they travel.

Mirages are an example of Huygens’s principle in action. When the surface
of pavement or desert sand is heated intensely by the sun, a hot, less dense,
smaller-n layer of air forms near the surface. The speed of light is slightly greater
in the hotter air near the ground, the Huygens wavelets have slightly larger radii,
the wave fronts tilt slightly, and rays that were headed toward the surface with a
large angle of incidence (near 90°) can be bent up as shown in Fig. 33.36. Light
farther from the ground is bent less and travels nearly in a straight line. The
observer sees the object in its natural position, with an inverted image below it,
as though seen in a horizontal reflecting surface. A thirsty traveler can interpret
the apparent reflecting surface as a sheet of water.

It is important to keep in mind that Maxwell’s equations are the fundamental
relationships for electromagnetic wave propagation. But Huygens’s principle pro-
vides a convenient way to visualize this propagation.

TESTYOUR UNDERSTANDING OF SECTION 33.7 Sound travels faster in warm
air than in cold air. Imagine a weather front that runs north-south, with warm air to the
west of the front and cold air to the east. A sound wave traveling in a northeast direction
in the warm air encounters this front. How will the direction of this sound wave change
when it passes into the cold air? (i) The wave direction will deflect toward the north;

(i1) the wave direction will deflect toward the east; (iii) the wave direction will be
unchanged. |

CHAPTER 3 3 S U M M A RY SOLUTIONS TO ALL EXAMPLES

Light and its properties: Light is an electromagnetic wave. When ~ _ ¢ (33.1)

emitted or absorbed, it also shows particle properties. It is emitted v

by accelerated electric charges. Rays
A wave front is a surface of constant phase; wave fronts move ) _ Ao (33.5)

with a speed equal to the propagation speed of the wave. A ray n

is a line along the direction of propagation, perpendicular to the

wave fronts.

When light is transmitted from one material to another, the

Source
‘Wave fronts

frequency of the light is unchanged, but the wavelength and
wave speed can change. The index of refraction n of a material
is the ratio of the speed of light in vacuum c to the speed v in
the material. If A is the wavelength in vacuum, the same wave
has a shorter wavelength A in a medium with index of refrac-

tion n. (See Example 33.2.)
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