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Chapter -7
Applications of Electromagnetic waves
7.1 Reflection and Refraction at Dielectric Interface
7.1.1 Normal Incidence
Suppose xy plane forms the boundary between two linear media. A plane wave of
frequency @, traveling in the z-direction and polarized in the x direction, approaches the
interface from the left then
Incident Wave

EI (Z,t) — EOIei(kllfmt)i

El (Z,t) :iei(kﬂ*mt)y y
V]_ EI @ @ ET
Reflected Wave }’V }'V
. 2
ER(Z,t) = EORei(*klz—mt))'z BI j g BT |
B on Yy
Br(z,t) :_&el(fklz—wt)y / %

Vi

y R Interface
Transmitted Wave Vi

ET (Z,t) — EOTei(kzlfmt)i

13

Br(z,t) =—Lelkevy
VZ

At z =0, the combined field on the Ieft E, + E, and B, + B, must join the fields on the

right E, & B, , in accordance with the boundary conditions

() 6Ef —2,E- (i) BE=B (i) E\=Eb (V) —Bi =1l

H H,
In this case there are no electric component perpendicular to the surface, so (i) & (ii) are
trivial. However (iii) gives

E0| + E0R = E0T
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While (iv) gives, By, +

B = e 1L _
AP ALY

where

Solving above two equations we get E,, = =5 E,, E; = 2 E, .
1+ p 1+

v, n . .
If w, =p,=p,=> P=-1=-% (For non-magnetic medium)
2 nl

~ VvV, -V, |~ ~ 2V ~
= Egr = (LJEM ) EOT :[ 2 JEOI
V2 -I-V1 V1+V2

Note: Reflected wave is in.phase if v,>v,0r n,<n and out of phase if

V, <V, 0r n,>n, .
In terms of indices of refraction the real'amplitudes are

2n,
n,+n,

Ey EOT= Ey -

Since Intensity | =%ng5, then the ratio of the reflected intensity to the incident intensity

2 2
is the Reflection coefficient R _te _[(Bor | [ M .
I | EOl nl + n2

The ratio of the transmitted intensity to the incident intensity is the Transmission
coefficient

2
T:'-T:gZVZ(EOsz M RiT-1
L&y LBy, (n1+n2)

Example: Calculate the reflection coefficient for light at an air-to-dielectric interface

(1= p, =y, 0, =1, n, =1.5) at optical frequency w = 4x10*°s™.

1-15
1+1.5

2
Solution: Reflection coefficient R = (—nl il j =(

2
j =0.04 or 4%
n, +n,

Thus only 4% of light is reflected and 96% is transmitted.
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7.1.2 Oblique Incidence
In oblique incidence an incoming wave ~
meets the boundary at an arbitrary

angle 9, . Of course, normal incidence is

really just a special case of oblique

incidence with 6, =0 . Suppose that a

. Plane of Incidence
monochromatic plane wave of

777

@

frequency o , approaches the interface -

from the left then
Incident Wave
E| (F,t) = Emei(R"Lm), _§| (F,t) =£(|€I XEI )
Vl

Reflected Wave

m|

ER(F,t) = EORei(RR'Lm), ER(F,t) =£(R\R X
Vi

)

Transmitted Wave

ET (F, t) = EoTei(RT 'F7Q)t), _§T (F, t) = i(k} X ET )
V2

All three waves have the same frequency o . The three wave numbers are related by
(w=kv) as

kv, = kv, =k v, = or k =k, =2k ="tk

Vl n2
The combined field in medium (1), E: + Er and Bi + Br, must join the fields E+ & Br
in medium (2), using the boundary conditions
() 6B =cE (i) B/ =B (i) E1=E) (V) “Bl=—Bs
Hh H,
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First Law (Plane of Incidence)
The incident, reflected and transmitted wave vectors form a plane (called the plane of
incidence), which also includes normal to the surface.
Second law (Law of Reflection)
The angle of incidence is equal to the angle of reflection i.e.

0, =6,
Third Law: (Law of Refraction, or Snell’s law)

sing, n,

7.1.3 Fresnel’s Relation (Parallel and Perpendicular Polarization)
Case-1: (Polarization in the Plane of Incidence) .
Applying Boundary conditions, we get
Reflected and transmitted amplitudes

EOR:[MJEOI and EOTZ{ 2 JEOI
a+p a+p

z
V. n ~
where o = cos and =4h A% Ei
cos o, Ny Holy
These are known as Fresnel’s equations. B N

Notice that transmitted wave is always in phase with the incident one; the reflected wave
is either in phase , if « > 8, or 80° out phase ifa < 3.
The amplitudes of:the transmitted and reflected waves depend on the angle of incidence,

because « is a function of 6, :

2
n -2
JL-sin®o, _\H/nz) o

cos 6, cos 6,
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Brewster’s Angle

At Brewster’s angle (6;) reflected light is completely extinguished whena = 3, or
1-pB?

o)

sin® 0, =

2
For non-magnetic medium (4, = u,), S0 S ;&, sin® 4, ;’8—2, and hence
n 1+
n, o
tanf, ~—= and 6, +6, =90
nl

Thus at Brewster angle (0, =HB) reflected and transmitted rays are perpendicular to each

other.
Critical Angle

When light enters from denser to rarer medium (n, > n,) then after a critical angle (6. )

there is total internal reflection.

H 0
SISO _ M ging, =" at g, 6 —90°
sing, n, n

Reflection and Transmission Coefficient

The power per unit are striking the interface is S.7 . Thus the incident intensity is
1 2
I, ==¢VE; coso,,
2
while reflected and transmitted intensities are

1
I =%31V1E§R cos@y and I, = Egzvz Egr coso;

o (Ew) _(a=8Y
I, |E, ) \a+p

2 2
Transmission coefficient T =|—T A Eor | COSOr =ap 2
I, &v, E, ) cosé, o+p

Reflection coefficient R=

=R+T=1
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~

Case-11: (Polarization Perpendicular to plane of Incidence -

Applying Boundary conditions, we get
Reflected and transmitted amplitudes

EOR = 1-ap Em and EOT = 2 Em
1+ap 1+ ap

cos6; and A/

cos o, Ny Holy

where o =

In this case Brewster’s angle (6;) is not possible i.e reflected light is never completely
extinguished (since a8 =1 is not possible).
Reflection and Transmission coefficient

The power per unit are striking the interface is S.2» Thus the'incident intensity is
1 2
I, ==¢gV,E; cosb,,
2
while reflected and transmitted intensities are

1
I =%glle§R cosd; and I, = Egzvz Egr coso;

2 2
Reflection coefficient R=|—R= Eop = 1-ap
I| E0| 1+ap

2 2
Transmission coefficient T =|—T __ 24 Eor | COSOr =ap 2
I, &v, E, ) cosé, 1+ap

= R+T =1
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7.2 Reflection at Conducting Surface (Normal Incidence)
Suppose xy plane forms the boundary between a non-conducting linear medium (1) and a
conductor (2). A plane wave of frequency w, traveling in the z-direction and polarized in
the x direction, approaches the interface from the left then

Incident Wave

Ei(z,1) = E, e

—= E ) A

Bi(z,t) :ie'(kllfmt)y )
\A El @ @ ET

Reflected Wave }'V }'V

' ﬁ% 2

ER(Z,t) = EORei(*kllfmt))'z BI BT Z

B on g y —7]

Ty ! E N

R
y R Interface
Vl

Transmitted Wave

ET (Z,t) — EOTei(RZPMt)),Z

B lzz = i(Kyz—at) &

Br(z,t) =—=E, ey
(0}

where k, =k, +ix, wherek,and «,are real and imaginary part of k, .

> 1/2 3 1/2
Kk, = o |2 1+(ij 1| and x, =0, /E 1+(ij -1
2 E® 2 E®

At z=0, the combined field on the left E, + E, and B, + B, must join the fields on the

right E; & B, , in accordance with the boundary conditions
. n L A n B I A =
(1) ,E =¢,E, (i) B, =B, (i) E1=E> (iv) —Bi=—_8:
H H,
In this case there are no electric component perpendicular to the surface, so (i) & (ii) are
trivial.

However (iii) gives  E,, + E,, = E,;
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~ _E ~ _ _ _ .
While (iv) gives, By, +( °R): S Ey; or Ej —Ep=pBEq
A vy H,0

where j =2 .
Hp 0

Solving above two equations we get E, = =5 E,, E; = 2 E, .
1+ p 1+

Note: (i) For a perfect conductor (o =), k, =00 =  =oo. Thus

Eor =—Eq . Eor =0.

In this case wave is totally reflected, with a 180° phase shift.

(ii) For good conductor (o > we )y k, = &, = ‘/% .

=y, | : N : |
ﬁ:% %(lﬂ):yiv1 25#2 (1+i)= B=r(1+i) where y= v, 25#2'

Reflection Coefficient

R:|R:|EOR|2:|1—ﬁ:|2:(1—7—i7j(1—y+i7j:(1—7)2+y2
| L+ 8] \Lap+iy )\d+y—iy (1+y) +7°

Example: Calculate the reflection coefficient for light at an air-to-silver interface

(4= 11, = 1y, £ = &,,0 =6x10"Q7'm™*) at optical frequency o =4x10°s™.

o o [ou, 5 |(6x107)(47x107) )
Solution: y—uoc\/za)ﬂo —c\/ Zaj =(3x10 )\/ 2[10°] =29

Reflection coefficient

1-y) +y>  (28) +29°
R:( )2 2:( )2 ~=0.93 or 93%.
(1+7/) +y (30) +29

Thus 93% of light is reflected and only 7% is transmitted.
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