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dt % & = Wis ‘B =s -
! Va? + x2 + —=—— \b% + (d — x)?

= Va“© X
dx ¢ dx ¢ dx
_om (l) 2x no (1) 2{d — x)(—1)
c 2 (a®+ x?)1/2 ¢ 20 [b% + (d— x)?]V/%2
B 71X B no(d — x) -
(((12 + ;_\,2)1,.-""2 ([b:") 2 (d = x)‘_’]],.f‘:_’
Or
nyx . no(d — x)
(a® + x%)1/2 [5% + (d— x)311/2
.......... (1)
From Figure 3,
X d— x

sin 0, = sin By =

(a® + x%)1/2 [5% + (d — x)?]1/?

Substituting these expressions into Equation 1, we find that
ny sin @) = mo sin @9

which 1s Snell’s law of refraction

Optical Path

To derive one of the most fundamental principles in geometric optics, it is
appropriate to define a quantity called the optical path. The path d of a ray of light in
any medium is given by the product velocity times time:

d=wvt
Since by definition n = c/v, which gives v = ¢/n, we can write

d=(c/n)t or nd=ct
The product nd is called the optical path A:

A=nd

The optical path represents the distance light travels in a vacuum in the same time it
travels a distance d in the medium. If a light ray travels through a series of optical
media of thickness d, d', d", ... and refractive indices n, n', n", ... , the total optical path
IS just the sum of the separate values:

A=nd+nd+n"d"+..
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A diagram illustrating the meaning of optical path is shown in Fig. E

-

7Path in mediu,

N\

A
/ | //
/ % / // //
e d b &' —ope—d" —+
i Equivalent optical path in a vacuum i

A
Fig .E. The optical path through a series of optical media.

The Principle Of Reversibility
We know that

angle of incidence = angle of reflection

sin ¢

sng - const
sing _n’
sing’ n

n sin g =n’ sin ¢’
The symmetry of these equations with respect to the symbols used shows at once

that if a reflected or refracted ray is reversed in direction, it will retrace its original
path. For any given pair of media with indices n and n' any one value of ¢ is correlated

with a corresponding value of n'. This will be equally true when the ray is reversed and
¢' becomes the angle of incidence in the medium of n'; the angle of refraction will then

be ¢. Since reversibility holds at each reflecting and refracting surface, it holds also for
even the most complicated light paths.
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Example: A ray of light in air is incident on the polished surface of a block of glass at
an angle of 10°. (a) If the refractive index of the glass is 1.525, find the angle of
refraction to four significant figures. (b) Assuming the sines of the angles in Snell's law
can be replaced by the angles themselves, what would be the angle of refraction? (c)
Find the percentage error.

Solution (a):

air

glass

n,sin 6, =n,sin 6, 1sin 10° =1.525sin 6,
6, =6.534°
Solution (b) :

n,sin 6, =n,sin 6/
o — 1x10°

' 1525

6 -0 _ 0.003061%

=6.554

A=

t

Example: A ray of light in air is incident at an angle of 54° on the smooth surface of a
piece of glass. If the refractive index is 1.5152, find the angle of refraction to
four significant figures.

Solution:
n, sin 6, =n,sin 6,
1xsin 54 =1.5152sin 6,
6, =32.27°

Example: In studying the refraction of light Kepler arrived at a refraction formula
@' n' -1

SR S— k =

¢ 1 ksecd where =

n' being the relative index of refraction. Calculate the angle of incidence ,¢ for a piece
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of glass for which n' = 1.732 and the angle of refraction , '¢’ = 32° according to
(a) Kepler's formula and (b) Snell's law. Note that sec¢’ = 1/(cos ¢').
¢'=32°,n"=1.732

n-1 , 1732-1

iona): k= - _ 0.42263
Solution(a) : " 1732
5 32 o
1-0.42263x (Lcos32) 0>
Solution(b) : n, sin ¢ =n, sin ¢’

: n, . :
Sin ¢ = —%sin ¢’ = n’'sin ¢’
nl
=1.732 sin32°
4= 66.49

Example: (a) When the light illustrated in Figure 4 passes through the glass block, it
Is shifted laterally by the distance c. Taking , find the value of
(b) Find the time interval required for the light to pass through the glass block
described in the previous problem.

<

cm LA

Fig.4
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Solution (a):

At entry, 1y SN G, =1, SN 6,
or 1 sin30° = 1.5 siné,
8., =195%.

The distance I the light travels in the medium is given by

72 cm

cosf, =
h
2.
or h=———=212 cm.
cos19.5°

The angle of deviation upon entry is a=60;—-6,=30°-195°=10.5°.
= ; > : 1 ¢ ks .
The offset distance comes from sina = — : d=(2.21 cm)sin10.5°=| 0.388 cm
1
: : . 2 cm
The distance, I, traveled by the lightis i =————=2.12 cm
. c0s19.5°
s s ¥ 3 %10° s
The speed of light in the material is v= ;— = Xl 50 T~ =2 x10® m/s
1 s '
_ h 212x1072 .
Therefore, = L = 5 n,l =1.06x10™° s=10° ps
v 2 x10° m/s
10
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Example: (a) Consider a horizontal interface between air above and glass of index 1.55
below. Draw a light ray incident from the air at angle of incidence 30°.
Determine the angles of the reflected and refracted rays and show them on the

diagram. (b) What If? Suppose instead that the light ray is incident from the
glass at angle of incidence 30°. Determine the angles of the reflected and
refracted rays and show all three rays on a new diagram.

Solution ( a):
air NIL %
I
glass
6;=6,=| 30° | n;sin@; =n,sind,
1 sin30°=1.55sin6,
8, =| 18.8°
Solution ( b):

air :>92/V
|

glass
91 18,
, . _1| nysmm@ )
6;,=6,=] 30° | 6,=sin ——
) )
o =al- EODSIR30°
=sin} =| 50.8°
1 ),
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Example: The light beam shown in Figure below makes an angle of 20° with the normal
line NN " in the linseed oil. Determine the angles 06 and 0. (The index of
refraction of linseed oil is 1.48).

o)
a Air
I
| .
| T’ Linseed oil
: -7 90°
|
|
|
|
I Water
l "
|}y
|
N’

Solution:
Applving Snell’s law at the air-oil interface,

. . o
Mg SINE =15 5120

vields 6=304°

Applving Snell’s law at the oill-water interface

. . : o
1., sIn 8" =n_y sin 20

vields G'=22.23°

Example: The reflecting surfaces of two intersecting flat mirrors are at an angle 6
(0° <6 <90°), as shown in Figure below . For a light ray that strikes the
horizontal mirror, show that the emerging ray will intersect the incident
ray at an angle $=180° - 26.
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Solution :

light ray. o and y are angles of incidence at
mirrors 1 and 2.

For triangle abca,
2a+ 2y + f=180°
or F=180°2a+7y). (1)
Now for triangle bedb,
(90 °—ar) +(90°-y )+ 6 =180°

or B=a+y. (2)

Substituting Equation (2) into Equation (1) gives | §=180°-2¢

o
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