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22.3 | The Law of Refraction

The Law of Refraction

When light passes from one transparent medium to another, it's refracted becausé
the speed of light is different in the two media.! The index of refraction, n, of a
medium is defined as the ratio ¢/v;

__speed of light in vacuum ¢
/speed of light in a medium v

;,;’“- [22.4]

From this definition, we see that the index of refraction is a dimensionless number
thatis greater than or equal to 1 because vis always less than ¢. Further, nis equ
to one for vacuum./Table 22.1 lists the indices of refraction for various substances.
- t travels from one medium to another, its frequency doesn’t change, To
see why, consider Figure 22.8. Wave fronts pass an observer at point A in medium 1
with a certain frequency and are incident on the boundary between medium 1 and
medium 2. The frequency at which the wave fronts pass an observer at point Bin
medium 2 must equal the frequency at which they arrive at point A. If not, the
wave fronts would either pile up at the boundary or be destroyed or created at
the boundary. Because neither of these events occurs, the fi frequency must remaip
the same as a light ray passes from one medium into another.

'I'H'eréfore, bccausc the relation v = fA must be valid in both mediaand because’-

£, = J, = J; we sec that

= fA; and -u2 = _f:\!

making use of the definition of the index of refraction given by Equauon 224:

AApagellPRF Enhancer,,

A ® o/m m}
which gives
N = Agngey [22.6]
Tahle 22.1 Indices of Refraction for Various Substances,
Mgasured with Light of Vacuum Wavelength A, = 589 mn
Index of Index of
Substance Refraction Substance Refraction
Solids at 20°C Liquids at 20°C
Diamond (C) 2.419 Benzene 1.501
Fluorite (CaF,) 1.434 Carbon disulfide 1.628
Fused quartz (SiO,) 1.458 Carbon tetrachloride 1.461
Glass, crown 1.52 Ethyl alcohol 1.361
Glass, flint . 1.66 Glycerine 1.473
Ice (H,0) (at 0°C) 1.309 Water 1.333
Polystyrene 1.49 i
Sodium chloride (NaCl) 1.544 Gases at 0°C, 1'atm
Zircon 1.923 Air 1.000 293
Carbon d|ox1de 1. 000 45

"The speed of light varies bctwccn media because the time lags caused by the zlnorpuon and reemission of light as
it travels from atom to atom depend on the particular electronic structure of the atoms constituting each material.
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As a wave moves from
medium 1 to medium 2, its
wavelength changes but its
frequency remains constant.

A
A —
1 "

n =

&l

Figure 22.8 A wave travels from
medium 1 to medium 2, in which it
moves with lower speed.

Tip 22.1 An Inverse
Relationship

The index of refraction is inversely
proportional to the wave speed.
Thercfore; as the wave speed v
decreases, the index of refraction,
n, increases.

Tip 22.2 The Frequency
Remains the Same

The frequency of a wave does nol
change as the wave passes from
one medium to another. Both the
wave speed and the wavelength
do change, but the frequency
remains the same.
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768  CHAPTER 22 | Reflection and Refraction of Light K

Let medium 1 be the vacuiim so that n, = 1.1t follows from Equation 22.6 that the
index of refraction of any medium can be expressed as the ratio |

ctA
n= ¥ f
ravEeAEe .

\%- - !W gthiof li htrm vacuum and A, is the wavelengtll in the/
medium ha ex of refraction . Figure 92.9 18 a schematic representation of

this reduction in wavelength when llght passes from a vacuum into a transparent

[22.7]

medium.
chail;g now in a posmon to  EXpress 'Equation 22.3 in an alternatc form. If we
substitute Equation 22.5 into Equation 29.3, we get '
snell’s law of refraction » 18in 0) = nysin@, [22.8]
S —— The experimental discovery of this relationship is usually credited to Willebrgrd
™y Snell (1591-1626) and is therefore known as Snell’s law of refrachonf
m>n 1\ 22.3 A'material has an index of refraction that increases continuously from top to
1 T bottom Of the three | paths shown in Fxgurc 22.10, which path will a light ray folloy
2= ‘asity passes through the matenal’f
Figure 22.9 A schematic diagram 22.4: : As light travels from a vacuum: (n =1)toa medgluuﬂl) Si:l‘ch as 513;55.(" > 1),
* of the reduction in wavelength when which of the: followmg propemes' remams s the sam same, e, the (a) mvelength, (b) wave
light travels from a medium with a speed, or () ﬁ.cqumq;

low index of refraction to one with a
higher index of refraction.

Figure 22.10 (Quick

@**Kpago PDF

® EXAMPLE 22.2 | Angle of Refraction for Glass

GOAL Apply Snell’s law. Incident  Normal
ray

PROBLEM A hght ray of wavelength 589 nm (produced}

bya sodium Ia lamp) travelmg through air is incident on ¥

smooth, ﬂa.t slab of crown gl%'a'ﬁ'a (gle 0, of 30 0° to/

the normal; as sketched in Figure 22.11. (a) Fir Find the angle,t :
of'?&'ﬁ'.cu_on 0,. (b) / At what angle 0, does the ray lcave the ud

glass as 15 it rc-emers the air? (c) How does the answer for 0y l‘"ﬁ
change xf the ray enters water below the slab instead of ther l
i alr? Wi
LA Ry
STRATEGY Substitute quantitics into Snell’s law and solve  Figure 22,11 (Example 22.2)
for the unknown angles of refraction. Refraction of light by glass.

Refracted
ray

...................................................................................................................

SOLUTION
(a) Find the angle of refraction, 0,,

n
Solve Snell’s law (Eq. 22.8) for sin 0,: (1) sing, = T;-sin 0,
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22.3 | The Law of Refraction 769

From Table 22.1, find #, = 1.00 for air and n, = 1.52 for sin 03,~ ( )(sm 30.0°);= 0.329,
crown glass. Substitute these values into Equation (1) and 1.52
take the inverse sine of both sides: 0, = sin! (0.329) = 199 |

(b) At what angle 6, doces the ray leave the glass as it
re-cnters the air?

Write Equation (1), replacing 0, with 8, and 0, with 0, (2) sin0y = ? sin 0y = -:-%% sin (19.2°) = 0.500
3 ; '

Take the inverse sine of both sides to find 0, 0, = sin™' (0.500) =30.0°
(c) How does the answer for 6, change if the ray enters
water below the slab instead of air?

ng

Write Equation (2) and substitute a different value for ny: % 05 = su‘I 0;,’— T 33 sin (19.2°) = 0.376 ¢

0, = sin™'(0.376) = '22.1°1
REMARKS Notice that the light ray bends toward the normal when it enters a material of a higher index of refraction,
and away from the normal when entering a material with a lower index of refraction. In passing through a slab of material
with parallel surfaces, for example from air to glass and back to air, the final direction of the ray is parallel to the direction
of the incident ray. The only effect in that case is a lateral displacement of the light ray.

QUESTION 22.2 If the glass is replaced by a transparent material with smaller index of refraction, will the refraction
angle 6, be (a) smaller, (b) larger, or (c) unchanged? ;

EXERCISE 22.2 Suppose a light ray in air (n = 1.00) enters a cube of material (» = 2.50) at a 45.0° angle with respect to
the normal and then exits the bottom of the cube into water (rn = 1.33). At what angle to the normal does the ray leave the
slab?

ANSWER 32.1° Apago PDF Enhancer'

®* EXAMPLE 22.3 | Lightin Fused Quartz

GOAL Use the index of refraction to determine the effect of a medium on light’s speed and wavelength.

PROBLEM Light of wavclcngth 589 nm in vacuum passes through a piece of, fused quartz of index of refraction n 7
1.458. (a) Find the speed of hght in fused quanz (b) What is the wavelength of this hght in fused quartz? (c) What is the |

frequency of the lightin fused quartz? ¢
STRATEGY Substitute values into Equations 22.4 and 22.7.

L

SOLUTION
(a) Find the speed of light in fused quartz.
; j 2 g : - 3.00 X 108 m/s
Obtain the speed from Equation 22.4: v M’—wv——l = 5 = ﬁm‘m}ﬁfw
Vis /‘. v \ : .
(b) What is the wavelength of this light in fused quartz?
Use Equation 22.7 to calculate the wavelength: = -Aﬁ ? 489umy e
& ' ok AT S o1 5RYY |

(c) What is the frequency of the light in fused quartz?
; i 2 c6 3 3.00%X10%m/s
The frequency in quartz is the same as in vacuum. Solve f =g‘, "W
¢ = fA for the frequency: SAEREIXI0

REMARKS It’s interesting to note that the speed of light in vacuum, 3.00 X 10® m/s, is an upper limit for the speed of
material objects. In our treatment of relativity in Chapter 26, we will find that this upper limit is consistent with experimen-
tal observations, However, it's possible for a particle moving in a medium to have a speed that exceeds the speed of light in

(Continued)
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770 CHAPTER 22 | Reflection and Refraction of Light

that medium. For example, it’s theoretically possible for a particle to travel through fused quartz at a speed greater than
2.06 X 10® m/s, but it must still have a speed less than 3.00 X 10% m/s.

QUESTION 22.3 True or False: If light with wavelength A in glass passes into water with index n,, the new wavelength of
ef index of vePaaction n= \syye

A
EXERCISE 22.3 Light with wavelength 589 nm passes through crystalline sodium chlondr‘ In this medium, find (a) the
speed of light, (b) the wavelength, and (c) the frcqumcy of the light.

ANSWER (a) 1.94 X 108 m/s (b) 381 nm (c) 5.09 X 10" Hz

the lightis A/n,,

» EXAMPLE 22.4 | Refraction of Laser Lightin a Digital Videodisc (DVD)

GOAL Apply Snell’s law together with
geometric constraints.

consisting of a spir Lrac about 1.0 |
wide with digital information. (See Fig.
22.12a)) The digital information consists
of a series of pits that are “read” by a laser
beam sharply focused on a track in the
information layer. If the width a of
(beam at the information layer must | E‘q‘ua,l
1.0 pm to distinguish individual track
and the width » of the beam as it « eflters
the plasticis 0.700°0 mm, find the angl

o—awhidﬁﬁ?m‘bmm‘ihﬁﬁld’éﬁtémp ago PDF Enhance

(he plastic. (Sec Fig. 22.12b) Assume the
‘plastic has a thickness =1 fO'iﬁ'fﬁ*and‘
an index of refraction n = 1.55. Note that
thm"“&“m"umdy immune to small
dust particles dcgradmg the video'qual-
ity because particles would have to be as?
la.rgc as 0.700 mm to obscure the beamav
‘d]e point where it enters the plastic. ©

STRATEGY Use right-triangle trigonom-
etry to determine the angle 0, and then
apply Snell’s law to obtain the angle 8,.

Figure 22.12 (Example 22.4) A
micrograph of a DVD surface show-

ing tracks and pits along each track.

(b) Cross scction of a cone-shaped
laser beam used to read a DVD.

Andrew Syred/Photo Researchers, Inc.
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e

= Information

layer

L Plastic
n=1.55

SOLUTION

From the top and bottom of Figure 22.12b, obtain an w=2b+ar

equation relating w, b, and a:

Solve this equation for b and substitute given values:

Now use the tangent function to find 0,

Finally, use Snell’s law to find 0,:

. ’ " o . o4 G , _6
. . w2 al 7000 X 107*mi= 1.0 X 10" m«_ 3495 unv
(% (Dick

-
by £349.5 pm oy s i
s S =162
g T ‘
n,un 0, ﬂ,sm 03 5
0, 1.55sin16.2°¥
aiiipie n?am ~ sin 16.2° e

"

«1.00

0, ='sin") (0433) = 125/6°
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