Chapter 33

Electromagnetic Waves




33-3 Radiation Pressure

When a surface intercepts electromagnetic radiation, a force and a pressure
are exerted on the surface.
If the radiation is totally absorbed by the surface, the force is

IA
F=—= Total Absorption

iIn which /is the intensity of the radiation and Ais the area of the surface
perpendicular to the path of the radiation.
If the radiation is totally reflected back along its original path, the force is

F = 2IA - 7otal Reflection back along path

C
The radiation pressure p,is the force per unit area:

p, = L 7otal Absorption

C

and
p, = % Total Reflection back along path



|Z[ Checkpoint 3

Light of uniform intensity shines perpendicularly on a totally absorbing surface, fully
illuminating the surface. If the area of the surface is decreased, do (a) the radiation
pressure and (b) the radiation force on the surface increase, decrease, or stay the same?

(a) same: (b) decrease



33-4 Polarization

Electromagnetic waves are polarized if their electric field vectors are all in a single
plane, called the plane of oscillation. Light waves from common sources are not
polarized; that is, they are unpolarized, or polarized randomly.  unpolarized ight

headed toward
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A
‘*’ An electric field component parallel to the polarizing direction 1s passed
(transmirted) by a polarizing sheet; a component perpendicular to it is absorbed.

If the original light is initially unpolarized, the transmitted intensity /is half the original
intensity /. :
I =3I, (one-halfrule).

If the original light is initially polarized, the transmitted intensity depends on the angle u
between the polarization direction of the original light and the polarizing direction of the

sheet:
I=1I,c08* @ (cosine-squared rule).
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Figure 33-14 (a) Overlapping polarizing
sheets transmit light fairly well when their
polarizing directions have the same orien-
tation, but (b) they block most of the light
when they are crossed.



The sheet’s polarizing axis
is vertical, so only vertically
polarized light emerges.

Incident light ray

Unpolarized light

Polarizing sheet

Vertically polarized light

Figure 33-11 Unpolarized light becomes po-
larized when it is sent through a polarizing
sheet. Its direction of polarization is then
parallel to the polarizing direction of the
sheet, which is represented here by the

vertical lines drawn 1n the sheet.
Z Checkpoint 4 307 30

The figure shows four pairs of polarizing sheets, seen face-on. Each @ @ ggi@ @
pair is mounted in the path of initially unpolarized light. The polariz- T 300\, o
ing direction of each sheet (indicated by the dashed line) is refer- -

enced to either a horizontal x axis or a vertical y axis. Rank the pairs
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according to the fraction of the initial intensity that they pass, great- L \ . \ . )
est first. \
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a,d,b,c (zero)




Sample Problem 33.02 Polarization and intensity with three polarizing sheets

Figure 33-15a, drawn in perspective, shows a system of three
polarizing sheets in the path of initially unpolarized light.
The polarizing direction of the first sheet is parallel to the y
axis, that of the second sheet is at an angle of 60° counter-
clockwise from the y axis, and that of the third sheet is paral-
lel to the x axis. What fraction of the initial intensity /;, of the
light emerges from the three-sheet system, and in which
direction is that emerging light polarized?

KEY IDEAS

1. We work through the system sheet by sheet, from the
first one encountered by the light to the last one.

2. 'To find the intensity transmitted by any sheet, we apply
either the one-half rule or the cosine-squared rule,
depending on whether the light reaching the sheet is
unpolarized or already polarized.

3. The light that is transmitted by a polarizing sheet is always
polarized parallel to the polarizing direction of the sheet.

First sheet: The original light wave is represented in
Fig. 33-15b, using the head-on, double-arrow representation
of Fig. 33-10b. Because the light is initially unpolarized, the
intensity /; of the light transmitted by the first sheet is given
by the one-half rule (Eq. 33-36):

[1 = 10.

02| =
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The emerging light
is polarized vertically.
The intensity is given
by the one-half rule.

The incident light is
polarized vertically.

The emerging light is polarized

Th? ghegt S 60° counterclockwise from the
Poharlfzatlcinla)us vertical. The intensity is given by
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the cosine-squared rule.

The incident light is
polarized 60°
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from the vertical.
The emerging light is polar-

ized horizontally. The

intensity is given by the

cosine-sguared rule,

Figure 33-15 () Initially unpolarized light of intensity /; is sent into a system of three polarizing
sheets. The intensities [y, [,. and /3 of the light transmitted by the sheets are labeled. Shown
also are the polarizations, from head-on views, of (b) the initial light and the light transmitted
by (c) the first sheet, (d) the second sheet, and (¢) the third sheet.

Intensity rules:

If the incident light is unpolarized,
use the one-half rule:

"emerge = 0.5/incident -

If the incident light is already polarized,
use the cosine-squared rule:

J'remerge = lncident(cOS 0)2,

but be sure to insert the angle between
the polarization of the incident light and
the polarization axis of the sheet.



Because the polarizing direction of the first sheet is parallel
to the y axis, the polarization of the light transmitted by it is
also, as shown in the head-on view of Fig.33-15c¢.

Second sheet: Because the light reaching the second sheet
is polarized, the intensity /, of the light transmitted by that
sheet is given by the cosine-squared rule (Eq. 33-38). The
angle #in the rule is the angle between the polarization di-
rection of the entering light (parallel to the y axis) and the
polarizing direction of the second sheet (60° counterclock-
wise from the y axis), and so # is 60°. (The larger angle
between the two directions, namely 120°, can also be used.)
We have

I, = I, cos”® 60°.

The polarization of this transmitted light is parallel to the
polarizing direction of the sheet transmitting it— that is, 60°
counterclockwise from the y axis, as shown in the head-on
view of Fig. 33-15d.

Third sheet: Because the light reaching the third sheet is

polarized, the intensity /5 of the light transmitted by that
sheet is given by the cosine-squared rule. The angle #1is now
the angle between the polarization direction of the entering
light (Fig. 33-15d) and the polarizing direction of the third
sheet (parallel to the x axis), and so § = 30°. Thus,

I = I, cos? 30°.

This final transmitted light is polarized parallel to the x axis
(Fig. 33-15¢). We find its intensity by substituting first for /,
and then for /; in the equation above:

I; = I, cos® 30° = (I, cos? 60°) cos® 30°
= (31,) cos? 60° cos® 30° = 0.0941,.

L
— = 0.094.
I

Thus, (Answer)
That is to say, 9.4% of the initial intensity emerges from the
three-sheet system. (If we now remove the second sheet,
what fraction of the initial intensity emerges from the
system?)



33-5 Reflection and Refraction

(a) A photograph showing an
incident beam of light reflected
and refracted by a horizontal
water surface.

(b) Aray representation of (a). The

Interface : Water

angles of incidence (8,),
reflection (6°), and refraction (6,)
are marked.

Refracted
ray
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When a light ray encounters a boundary between two transparent

media, a reflected ray and a refracted ray generally appear as shown in
figure above.

Law of reflection: Areflected ray lies in the plane of incidence and has
an angle of reflection equal to the angle of incidence (both relative to the
normal). In Fig. (b), this means that

#, = 6, (reflection).



33-5 Reflection and Refraction

(a) A photograph showing an
incident beam of light reflected
and refracted by a horizontal
water surface.

(b) Aray representation of (a). The

Normal

|
Incident { Reflected

angles of incidence (8,),
reflection (6°), and refraction (6,)
are marked.

()

©1974 FP/Fundamental Photographs

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Law of refraction: A refracted ray lies in the plane of incidence and has an
angle of refraction 8,that is related to the angle of incidence &, by

n,sin & = n, sin &,

Here each of the symbols n, and n,is a dimensionless constant, called the
index of refraction, that is associated with a medium involved in the
refraction.



Tahle 33-1 Some Indexes of Refraction”

Medium Index Medium
Vacuum Exactly 1 Typical crown glass
Air (STP)? 1.00029 Sodium chloride
Water (20°C) 1.33 Polystyrene
Acetone 1.36 Carbon disulfide
Ethyl alcohol 1.36 Heavy flint glass
Sugar solution (30%) 1.38 Sapphire

Fused quartz 1.46 Heaviest flint glass
Sugar solution (80%) 1.49 Diamond

“For a wavelength of 589 nm (yellow sodium light).

®STP means “standard temperature (0°C) and pressure (1 atm).”

Index

1.52
1.54
1.55
1.63
1.65
1.77
1.89
242



33-5 Reflection and Refraction

Normal Normal

o= 1Y ng > Ny

(@) If the indexes match, ®) If the next index is greater,

there is no direction the ray is bent toward the
change. normal.
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n,sin &, = n, sin #,

Normal
|

|
|
6,
|
|

16y,

Ny < Ny

ST the next index is less,

the ray is bent away from
the normal.

1. If n,is equal to n,, then 8,is equal to 8, and refraction does not bend the
light beam, which continues in the undeflected direction, as in Fig. (a).

2. If n,is greater than 1, then 8,is less than ;. In this case, refraction
bends the light beam away from the undeflected direction and toward the

normal, as in Fig. (b).

3. If n,is less than n,, then 8,is greater than &,. In this case, refraction
bends the light beam away from the undeflected direction and away from

the normal, as in Fig. (c).



