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Generated Field — Electric field

Method A
Point Chargel

E=— i
Ame, 1
Many Point Charges
Amey T
Charges distribution
2

Ame, " 1
dg=2Adl ;ods ; pdv
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Method B

Gauss law _
Net outward electric

flux through closed
surface =q/g,

{EdS =q/¢,
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What happen ?
When the charge is static




Method A
Biot-Savart law
4B = Mo Idls;ne

At 7t
— MO I dTXF
B =

47tI r3

law

Gauss I é.d§ .y
0

» ﬁ.é:
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Method B

Ampere’s Law

Line integral of mag. Field
over a closed loop = p,l

{Bdl =l

{Bdl =ppfJ.ds
(V= B)ds = pof J.ds
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What happen ?
When the charge is moving with constant speed.

Generated Field — Magnetic field

Method C
VxB=0
» B=VxA

Poisson’s equation




What happen ?

When the charge moves with an acceleration then

Field — Time varying electric and magnetic field
Time varying electric and magnetic field : ???
Variation of E & D and B & H with time :???
Differential equation forE& Dand B & H: ???
Magnitude of E& D and B & H : ???

Directionof E& Dand B& H :???

Maxwell Equation

Mathematical expressions based on the law’s of
electrostatics, magnetostatics and electromagnetic
iInduction.

Useful in explanation of time varying electric and magnetic

fields or EM wave .
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First Maxwell Equation

Gauss Law of electrostatics

Net outward electric flux through closed surface =q/¢,

"dp=Eeds " dg=pdv °
_o=fEdS)] [ a=fpdv
g — 1 A Integral form of
fEd§ — —{pdv f— Is;MaxweII equatio\n
\ 0 Y ﬁ__’ — P
FE)ov—Ljotv-| 55
{ E dV=—§pdV—> VD:p
0 ~— T/
Differential form of

[ D=gyE, D=¢E Ist Maxwell equation
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Second Maxwell Equation

Gauss Law of Magnetic field

Monopole can not exists.
Magnetic line of forces are closed curves.
Net outward magnetic =0

dp=DBeds

[ { B.dg = O} . Integral form of

lind Maxwell equation

— —

— = Differential form of
Y_B =0 A liInd Maxwell equation
VH=0 B= ;,LOI:I; B= ;,LI:I
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Maxwell Equation
Faraday’s Law of EM Induction

llird Maxwell equation

d — _,] I Integral form of

-. { 2 5 )
: R Vsz—C;—?
~ = dB
VxE|dS = das |g.g-_, 91
(VxElos=—4T205 | gre

Differential form of
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Fourth Maxwell Equation

Modified Ampere’s Law by Maxwell

Line integral of magnetic field through closed path=p|

line integral of magnetic field = { Bdl

dl =J.ds
=  {Bdl=pgfJds
== §(VxB)dS = 10 J.05
=) [ ﬁxézuoj ]

This is Differential form of Ampere’s Law.
Same result can be also obtained by Biot-Savart Law.
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Fourth Maxwell Equation ....contd.

Modified Ampere’s Law by Maxwell .....contd

Equation of continuity : Based on conservation of charge

ﬁj + d_p —0 ¢ [J: Current density J

dt p: Charge density
6.(# X é): Ho6j
V.J=0
d _,
dt
p = constant

So, Ampere’s law and Biot savart Law are valid when charge
density is constant or charges are moving with

constant/uniform.
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Fourth Maxwell Equation ....contc

Modified Ampere’s Law by Maxwell .....contd

New current: Due change in electric flux with time
New Current: Displacement Current

dg. __ dEA _ dE

dt dt dt

| dE - dE
Jy="l=gy— =Jy=¢g9—
A
Ja=€0— = = Jiotal = J +Jg

(70T i

— | {Bdl =pgf(J+3q)ds
YXQZEO(J_:I_ Jd) L] Integral form and
VXH=J+Jd é= Differential form of

Fourth Maxwell equation
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Maxwell Equation

Differential form of
Maxwell equation

Integral form of
Maxwell equation

2 June 2021

. p R 4 1 )

VE=" VD=p {E.dS =~ {pdv

\ 2 & )

VB=0 VA=0 | (T Lo

~ =\ U )
VxE=-95 . 4 .
L. Ul {Edl =——{BdS
VXE=—-pu—o dt

N adi ) y,

[ ?X_B::H(jjjd)] [{é.dT=M(j+jd)d§
VXHZ\]-FJd y
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d Bin terms of oand A

dA Gauge Transformation: ¢ And A are
— E’ :_ﬁ(l)__ taken in such a way that E and B
dt | remains invariant.
| do
Lorentz Gauge Transformation: V.A + Ho€g— =0
dt
d’¢ _ p P?A -
2
\ ¢_M080F :_g VA - Hoto — 5~ at2 =—HoJ
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1. Isotropic Medium:
Microscopic properties (o, €): direction independent
Velocity of em wave : direction independent
Example: air/free space/ vacuum, glass etc.

2. Anisotropic Medium
Microscopic properties (o, €): direction dependent
Example: quartz, calcite etc.
Velocity of em wave : direction independent

3. Conducting Medium
Attenuating medium for em wave
Wave propagation vector: complex function
E and H: damped oscillation
Energy: decays with distance and time
Example: conductors.
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Electromagnetic wave
In Free space
Properties of free space

[p=0; c=0;,J=0; u, =1 ¢ =L p=pgp; 8280]

/Maxwell Equation\ /Maxwell Equation\

N for free space
\V P

M
|l

€

<]\
T!
Il

xE=—pH
.~ . dE
VxH=J+¢g—

v
v
v
o | S
- at )\
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Electromagn

etic wave

In Free space: Differential Equation for E & H

/falking curl of llird \ /faking curl of IVth \
Maxwell Equation Maxwell Equation

Vx¥xE =g (VxA)

dt
e\ e d( dE
V(V.E)= (V.V)E = —
( )( ) MOdt( dt]
_ dE
~V2E=—pgeg——
Moodt

Progresive wave Equation

2
—_
V\If 1 dy

V2E = ung V°H =upen——
\[ Hoodt J/ \ Moodtz /

2V xH =gy L (VxE)
dt
e\ e d( dA
VIVH)-(VV)H =—-¢g5— —
(V.A)-(V.9) odt(uodt)
. d?H
_VH—_HOSOF

'E and H are progresive wave

ve dt?
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Electromagnetic wave
In Free space: Nature of E and H

VE=0 = KE=0 == K I|E
VH=0 dl:l—» KH=0 = K | H
VXE=-lp— == KxE=ouyH ==>HLK&E
V x
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Electromagnetic wave

In Free space: velocity of em wave

i

5= d°E
VE=uoeg—= ,
o 2y - L8y
afl Comparing AYARITES —
2C d*H ve dt
VH = o —-
dt?
- V- 1 :\/4nx 1
Mo€o Mo 4meg

mm) V=110 x9x10° =3x108 =C

— 1 —
. [V_ Ho€o CJ
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Electromagnetic wave

Impedance of Free space for em wave

Z, = Resistanceoffered by free spacemedium

El g,
Zo— S S
Hl |Hg
RXE:(DH()I:I
—> 2 =gy = g
" H HoK HoV =Ho
— Zy = UgC
Ho . 1
‘ Zo—H()C: — =120t Q| *.c vV = =C
0 VHo€o
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Electromagnetic wave

Energy density of EM wave in Free space

u = Energy storedin unit volume

U=Ug+Upn

1 1 2
°S Ue ZESOE &. Um ZEMOH

2
. Ue _ &E” _&gHo _4 :>[Ue =Um]
Umn !vloH2 Ho&o

7

U=Ug+ U =2Ug =80E2]

\

: 1
<u> = 8O<EZ> = ESOE(% = 8OEgms]

\_

=
=
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Electromagnetic wave

Poynting Vector in Free space

S = Energy flowing per unit area per unit time along K

S = Power crossin g per unit area along K

my

—)
<§> _ E?ms A — E?ms =

— e Z

—> [<§> =(u)cn = energyflux =energydensityxc ]
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Electromagnetic wave

Poynting Theorem

S = Energy flowing per unit area per unit time along K

S = Power crossing per unit area K

— J.E = rate of energy transferedinto em wave
—> =
— J.E = Power transfered into em field/wave

u

p- = rate of changeof electromagnetic energy
V.

=
=
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Isotropic medium

/

Properties of free space

ne>1 g, >1;

p=0; oc=0; J=0;

/\ H:HrHO’ 8:8r80 /

\

Maxwell Equation

p=0; c=0; J=0;
ne =1L g =1
H = Mg, €= &q
V.E=0
V.H=0
. dH
‘77>< EE = ——LLC)—EEE—
- dE

N VE=0 N\
VH=0
%XE:_H%g
G dE
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I FreeSpace " isotropic medium

Wave Equation

4 )
d°E 2= d’E
V°E = o€ V°E=pe—=
" ae? dt dt
Vzljlzposod—lz_l V2H = usd H
- dt dt? J

Wave Velocity

V= L =C V= 1 _ ¢ <C
1/“080 He /L&,

Medium Impedance

e eny)
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Isotropic medium

Transverse nature of EM wave

o

2 June 2021
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/RE=0 — g1  YKE=0 - kg )
K.A=0 = KLH K.A=0 - KLH
KxE=ouoH == HLK&E KxE=ouA == HLK&E
\Ileq:—somlé—b ELR&FI/QZXH:_S@E - EJ_K&I:I/
Relationin E, B and K
g K xE = opgH A KxE = ouH A
KxE =wB KxE =B
EZRXE:ﬁxE:ﬁxE é:RxE:ﬁxE
N © Y,
24




Isotropic medium
Energy density of EM wave

4 1 1 1 )
2 2
Ue 2—80E2 & Umn ZEHOHZ E® & Um —_MH
2
Ug = Uy &U=2U, =ggE? U, =Uy &U=2U, =¢cE
1 2 2 1 2 2
U)=—enEn =¢nkE Uu)=—ckny=¢ckE
\ < > 2 0~=0 0&~rms < > 2 0 rms /
Poynting Vector
4 S—ExH S—ExH )
2 2 2 2
s-E f_Ep s-En_Ep
HoC £ o Z
<S>_E?msﬁ:E?ms—> <§>:E?ms~:E?mSﬁ
HoC Zg Y Z
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Medium Properties

[ Pp=x0; o=0; J=0;n, >1 g, >L u=pg; € =€.€Q ]

Maxwell Equation

(== \ - dH \
V.E=p/e V<xE=—n
\_ ) dt —
V.H =0 [ VxH=oE+c3E J
\_ ’ dt )
Wave Equation
4 . dE d°E h
V2E — uo =0
LL dt He q 2_,
VZI:I—MGdH ued H—O
N dt dt? Y,

2 June 2021
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Wave propagation vector

K=(a+iB)A=a+ip

Solution of em wave Equation

E Eoei(R.?—@t) _ Eo e—B.? ol (GL.T—ot)

£ — |—_|’Oei(r<.?—oat) _ |:|o e—B.? ol (G.T—oot)

Propagation and attenuation constants

1/ 2
oL = “8[\/(14—12 +1]

Bz(m/ \/(1+'c —1]1/2
-
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Penetration depth or skin depth: The distance at which
amplitude of em wave becomes equal to 1/e times
maximum value.

Eoe_B8 = Eoe_l —> O :1/B

g For good Conductor A
0] 010}
cT=—>>1 ; oa=B= HOY
\_ e 2 Y,
r > N
0= |[——
Q16
\_ H Y,

o =5.8x10" mho/m; f =1MHz
For Copper : .
0=6.6x10"m
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Refractive Index of conducting medium

n*== =S K=" (o+ip)
VvV o ®
C C -
nN*=—ao B=n+IkK
(€D (€]
" Refractice Index ) ( Attenuation constant)
C C
Nn=—ao k=—p
- €, Y, . €Y Y,
For good Conductor
o) ocw
cT=—>>1 ; oa=B= “T
(€)' & - ~N
9)
_ [no
20
. Y,
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Impedence of conducting medium
a 1 .0
Z| = 2174 ' e
€ (1+t°)

@)
E and H are out of Phase [tan b=1T=— ]
e

- ~
Phase difference |® _ 1 tan_l[ o j 9
ME

between E and H \2 -

7T
For Perfect Conductor [ 2 A J
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Energy density

1 _2B.T —
u, = —cE3 e “PTcos?(a.r - mt)
1 2 —2B7
{<ue>zngoe B ]
(Um ) = 1+1:2%8E% e 2BT

[ (Um ) = J1+ 7:2<ue>][ (Up) > <ue>]

(uy = %(1+ V14 <2 ng% e 2PT

For good Conductor | {U) = 2 Eg e

. 1 m
Avg. Poynting Vector <S>=E \/ZMZ(D E2 e 2B T

.
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1. EM wave properties depends on direction
2. ‘J:O;p:O;“:MO z xo?

3. Permitivity is a tensor quantity.

g Ae
D, E Relationship in Anisotropic Media: .

E field along arbitrary direction: =1E,+)E, + kE,
i

E
Then D field components are: D= D 41D, % kD,
y .

O+
WX &>
Dx - axxEx+ Exy Ey"' Exz Ez S

D,=¢,E+e, Ete, E, - %< |I<

p— g 0‘ = ,,\,\:uL
D,=¢, E.+ e,yEyi- i

IAPT, RC-4 : Workshop
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Permittivity tensor in Anisotropic Media:

In matrix notation:
"Dx Cxx Exy &y E x
Dy =&y &, &, E y
Dx " Eux  Czy €4/ E 2/

=3k
is a 3x3 permittivity tensor and symmetric in nature

Xy~ Eyxr &y~ Eay 85 &y

ol

I.e.

M Ml

2 June 2021 IAPT, RC-4 : Workshop
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Principal axes system:
¥ In general, the medium has a set of orthogonal axes

v" Along these directions
D field components follow the direction of applied E

v" This set of orthogonal axis

: %& the Principal axis system
Permittivity tensor in Anisotropic Media:
In Principle axes system:

/ sx 0 0 " .
2al o 2 o €. &y and g, are the principal
2 dielectric permittivity components

0 0 g

So B, E matrix equation:
D D.=¢.E,
(D, e, 0 0\ /E, —~ D =cF
D,/ \o 0 ¢/ \E/ 2= %z Ba

2 June 2021 IAPT, RC-4 : Workshop
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Permittivity property in general dielectric:
Anisotropic Medium: classification
€, =§&,= &, < Isotropic medium
€y = &, ¥ & <— Uniaxial medium
€, * &, ¥ & <— Biaxial medium

Refractive Indices in general dlelectrr!cz.i ) \/Mzg2 ) \/%82 [
V2

- Hi€
R €
Refractive indices: n,= ,:‘ Along the principal axis
<0
Isotropic medium:  n = s wWithé. =¢&. =¢g. =8

Uniaxial medium:
ordinary R.l. n, = I::"‘= lgl extra-ordinary R.l. n, = Sa
J€o  [%o

€9

2 June 2021 IAPT, RC-4 : Workshop
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Velocity of waves in Anisotropic Media:

o ——————————— -

velocity of waves « Rl of the medium v =—

- - -

Isotropic medium = same along all directions

Uniaxial medium = same along two directions

Biaxial medium — different along all directions

v anisotropic - they can reorient the light
-~ contain one or two special directions
called “optic axes” that do not reorient light

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

v media with one special direction are the uniaxial
v" media with two special directions are the biaxial

2 June 2021 IAPT, RC-4 : Workshop
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Isotropic medium:

Velocity surface  Isotropic — Glass, Garnet
Spherical

Anisotropic medium:

Velocity surface Uniaxial — Ice, Calcite, Quartz,
Ellipsoid Tourmaline

Biaxial — Mica, Topaz, Selenite
Positive and Negative uniaxial crystals

Quartz - Positive (m, — n,) >0 n, > n,
n, = 15443 n, = 1.5534 Ve < 7,
Calcite - Negative (n, — n,) <0 n,.<n,
n, = 16584 n, = 1.4864 v, > 7V,

Velocity/Rl is same albnq the OPTIC AXIS for ordinarv and extraordinary wave
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Plane waves in anisotropic medium

absence of freecharge p=0

absence of current ,ie., J=0

Maxwell’s equations: with B, H relation: B = uoH
dB S aD
AT 535 Ixil =5
Fields of plane wave:
Ba E‘Oei(a)t-l‘.r’) | m - ﬁoei(wt-ié.f)

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

k = wave vector of
®
®==n,= frequency

n, = wave refractive indices
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Relations and directions of D, H, k

(% x B) p
ﬁ: w{#" ﬁ.LriC..E k
, A/ 5
- m
b=_&x8) & oo i :

orthogonal triad of vectors

73, D and H form a right handed Cartesian co-ordinate system
Relations and directions of E,H, S

(k x E) ;
H= am '- H1" k,E i
0 U \/5
$=(ExH) SI"EH : -

orthogonal triad of vectors

E, Hand S forma right handed Cartesian co-ordinate system

IAPT, RC-4 : Workshop
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1.

2 June 2021

The normal component of electric
displacement vector is not continuous at
the interface but changes by an amount
equal to the free surface charge density.

D, -Doy =0

The normal component of magnetic
induction B is continuous across the
interface.

Bln - BZn =0

IAPT, RC-4 : Workshop
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3. The tangential component of electric field is
continuous at the interface.

Elt ‘EZt =0

4. The tangential component of magnetic field
strength is not continuous at the interface
but changes by an amount equal to the
component of the surface current density
perpendicular to tangential component of H.

Hlt - H2t — JSJ_
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Reflection and Refraction of EM wave

/ For Incident wave

El _ EOlei(Kl.?—oot)

é _ Rl X El
L=
Wy
I:I _ Kl X El
L=
A
or retlected wave |
=1 1 A(KLTF-ot)
El o Ole
é, _ KZ’L X Ei
1 '
Wy
I—_>I, _ K;_ X EZ’I.

\ e O

2 June 2021

k] incident wave

medium 1
R.I.:n1

Reflected wave
Hi. €1
M2, €2

refracted

-

4 For refracted wave )
Ez _ Eozei(Kz.F—mt)
B _ K,xE, f,="E
\ 2 O‘)Z l"llml /
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Reflection and Refraction of EM wave

Since, tangential component of electric field is
continuous at interface .

(E), +(E), =(E,),
(E01)tei(R1T_w1t) + (Egl)tei(R'l-F—w'lt) _ (Eoz)tei(Rg.?—wzt)
VO =0 = 0, =0
(E01)tei(R1'?) + (Egl)te‘(ﬁi-f) = (Eoz)tei(Rz'T)
Therefore, for (Ey,), +(E.,), = (Ey,);

(Rl.f)zzo = (RQ-T)Z:O = (Rz-F)z=o

2 June 2021 IAPT, RC-4 : Workshop
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Reflection and Refraction of EM wave

If, (k.F),_,

same medium thus

-~k =k

SinB, =sin®;

N

:e’r

— (RQ'T)Z:O
k. xsin®, =k;xsin®;

Since wave propagation
vector does not vary in

/

Law of reflection

2 June 2021
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mf, (Rl-F)zzo = (RZ'F)FO

\”m

K XsinB, =k,xsin0,

sind; K,

sinB, k,
sin;, kK, o v
sin, ok, Vv,
Sin®,

Vi _ / K€,
ngl/

Law of refraction



Fresnel Equation

for Reflection and Refraction of EM wave
A: When E is perpendicular to plane of mmdence

\/7 C0SO; — \/7 C0SO,
Hy Ko

2 \/Tcosei +\/72c:oser
Ha Ko
2 \/7 oS0,

S \/70039 +\/7cos€)
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Fresnel Equation

for Reflection and Refraction of EM wave

. n g, SIno.
if w,=w, =p, then—=2= |22 ="""1
He =H2 = Hy n, \g sind

Egp  ngcos6;—nycosf,  sin(0; —0,)
Egp NnqcosO;+n,cos0,  sin(0; +6,)

E, 2n, c0s0o. ~2¢0s06;sIn0,
E,, n,cos6 +n,cos6, sin(6, +6,)

For normal incidence ; 6.=0 =0
/
Ey _ N1y Ep, _ 2Ny
E,, n+n, E,, n,+n,

2 June 2021 IAPT, RC-4 : Workshop
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Fresnel Equation............. contd

for Reflection and Refraction of EM wave

Case 1: when (n,/n,)<1 ; wave : rare to denser
n=Sin0, / SinB, =(n,/n,)>1 and 6. > 0,

% — _ve = PhaseChange=r ; Pathdifference = 2
Ey 2
Eo _ +ve = PhaseChange=0
01
Reflected and incident wave are in opposite phase.
Refracted and incident wave are in same phase.
Case 2: when (n;/n,)>1 ; wave :denser to rare

n=Sin®, / SinB, =(n,/n,)<1 and 6, < 0,

’

9l — +ve = PhaseChange=0
Em

—% — tve = PhaseChange=0
01

Reflected and incident wave are in same phase.

Refracted and incident wave are in same phase.
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Fresnel Equation

for Reflection and Refraction of EM wave
B: When E is parallel to plane of incidence

o2 :

& e 'k

- /—2 oS0, — /—1 c0s0, | “1 , ;
01 _ ko Hy

0, Goﬁwm
0
Eor cose + cose
0 Ey
0;
/ c0s6, i
,
1 . i

2 \/70039 +\/7c:os€)r
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Fresnel Equation

for Reflection and Refraction of EM wave

_ & _SInG,
n1 g SInG,

If pw, =p, =y, then 2

E,, n,cos6,—n,cosd, tan(®,-6,)
E,, n,cos6 +n,cosd. tan(®, +6,)

Eo, _ 2n, coso. 2€0s0.SIn0,
E01 n, coso, +n,coso, sm(@ +0,)cos®, -96,)

For normal incidence ; 6.=0 =0
/
Ey _Np—Ny Ep, _ 2Ny
E,, n,+n E,, n,+n
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Fresnel Equation............. Contd....

for Reflection and Refraction of EM wave

Case 1: Se _ve = PhaseChange=0

E \s‘ﬂ\@
0 1 n medium 1
y

medium 2

Refracted and incident wave are in same phase.
Case 2: From both cases we found that -

r _(E_{)l) ~tan(©,-6,) . rf(ﬂ} __sin(6; —6;)
1 |
[

E, ). tan@® +0,) Eqp sin(6; +6;)
If 6i+€)r:E or epZGB:Gi:E_Qr:tan_l &
2 2 n,
=0 and r, #0

Thus , if an un-polarized light incidents (rare to denser) at angle Op= 0; then
only electric vector perpendicular to plane of incidence will be reflected and

light will become polarized. This angle is termed as angle of polarization or

Brewster’s angle.
2 June 2021
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Fresnel Equation............. Contd....

for Reflection and Refraction of EM wave

Case 3:if em wave travels from denser to rarer medium

then it goes away from normal

G)r:g or 6,=0,=sin" &j

nl
_(Ey) _tan®-6,) rl:[ﬂ) __sin(§; -6;)
" (B ), tan@® +6,) Eoz),  sin(;+6;)
r,=1and r =1 w A T

R,=(r,)f=1and R, =(r,f=1" /\ <&

Thus total energy is reflected at the interface of two mediums.

This means, as the angle of incident wave increases, the intensity of
reflected wave increases while intensity of refracted wave diminishes. The
intensity of refracted wave becomes zero at 6.=0_. But if 8i>0c then wave

completely goes in medium Ist, and follows law of reflection. This is TIR.
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