Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

Manonmaniam Sundaranar University,
Directorate of Distance & Continuing Education,
Tirunelveli - 627 012 Tamilnadu, India

OPEN AND DISTANCE LEARNING (ODL) PROGRAMMES
(FOR THOSE WHO JOINED THE PROGRAMMES FROM THE ACADEMIC YEAR 2023-2024)

Il YEAR
M.Sc. Physics

Course Material

Electromagnetic Theory
Prepared
By

Dr. S. Shailajha
Dr. S. Arunavathi
Assistant Professor
Department of Physics
Manonmaniam Sundaranar University

Tirunelveli - 12

Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

ELECTRO MAGNETIC THEORY
UNIT |
ELECTROSTATIC

Boundary value problems and laplace equation — boundary conditions and uniqueness
theorem — Laplace equation in three dimension — Solution in Cartesian and spherical polar
coordinate — Examples of solutions for boundary value problems. Polarization and displacement
vectors — Boundary conditions — Dielectric sphere in a uniform field — Molecular polarizability
and electrical susceptibility — Electro static energy in the presence of dielectric — Multi pole

expansion.
UNIT 1
MAGNETO STATICS

Biot — Savart laws of induction — Magnetic vector potential and magnetic field of a
localized current distribution — Magnetic moment, force and torque on current distribution in an
external field — Magneto static energy — Magnetic induction and magnetic field in macroscopic

media — Boundary conditions — Uniformly magnetizes sphere.

UNIT I

MAXWELL EQUATIONS

Faraday’s laws of induction — Maxwell’s displacement current — Maxwell’s equations —
Vector and scalar potentials - Gauge invariance — Wave equation and plane wave solution —
Colom band Lorents gauges - Energy and momentum of the field - Pointing’s theorem -
Lorents force — Conservation laws for a system of charges and electro magnetic fields.

UNIT IV

WAVE PROPAGATION

Plane waves in non-conduction media — Linear and circular polarization, reflection and

refraction at a plane interface - Waves in conduction medium — Propagation of waves in a
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rectangular wave guide. In homogeneous wave equation and retarded potentials — Radiation

from a localized source — Oscillating electric dipole.
UNIT V
ELEMENTARY PLASMA PHYSICS

The Boltzmann equation — Simplified magneto-hydrodynamic equations . Electron
plasma oscillations - The Debye shielding problem — Plasma confinement in a magnetic field —

Magneto-hydro dynamic waves — Alfiven waves and magneto sonic waves.
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UNIT I
ELECTROSTATIC

Boundary value problems and laplace equation — boundary conditions and uniqueness theorem —
Laplace equation in three dimension — Solution in Cartesian and spherical polar coordinate —
Examples of solutions for boundary value problems. Polarization and displacement vectors —
Boundary conditions — Dielectric sphere in a uniform field — Molecular polarizability and
electrical susceptibility — Electro static energy in the presence of dielectric — Multi pole

expansion.

1.1 Boundary value problems and laplace equation:

The Laplace's equation is given

V'V =0
This equation is encountered in electrostatics, where V is the electric potential, related to the

electric field by
E=—VV=VV,
It is a direct consequence of Gauss's law,
V-E=p/e€

in the absence of a charge density. Where V is the gravitational potential, related to the

gravitational field by

In thermal physics, with V playing the role of temperature, and in fluid mechanics,

with V a potential for the velocity field of an incompressible fluid.

The list could go on. Laplace's equation is a very important equation in many areas of

physics.
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1.2 Boundary conditions and uniqueness theorem:

The formulation of Laplace's equation in a typical application involves a number of

boundaries, on which the potential V is specified.

Examples of such formulations, known as boundary-value problems, are abundant in

electrostatics.

Here, a typical boundary-value problem for V between conductors, on which Vis
necessarily constant. In such applications, the surface of each conductor is a boundary, and by
specifying the constant value of V on each boundary, we can find a unique solution to Laplace's

equation in the space between the conductors.

In other situations the boundary may not be a conducting surface, and V may not be
constant on the boundary. But the property remains, that once V is specified on each boundary,

the solution to Laplace's equation between boundaries is unique.

We shall see this uniqueness property confirmed again and again in the boundary-value
problems examined. A general proof of the uniqueness theorem is not difficult to construct, but

we shall not pursue this here.

The superposition principle follows directly from the fact that Laplace's equation is linear
in the potential V. Suppose that V1, V,, V3, and so on, are all solutions to Laplace's equation, so
that

V2V, =0
Any superposition of the form
V =a,V.+a,V,+a,Vt--,
where a; are constants, is also a solution, because

VV=V?(a,V,+a,V,+a,V,+:-*)
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= a1V2V1+a2v2V2+a3v2V3+"' = O.

This is the statement of the superposition principle, and it shall form an integral part of

our strategy to find the unique solution to Laplace's equation with suitable boundary conditions.

It is important to understand that the superposition principle applies to any number of

solutions Vj; this number could be (and will be) infinite.

1.3 Laplace equation in three dimension:

The general form of Laplace’s equation is:
V>V =0;

It contains the laplacian. This section will examine the form of the solutions of Laplaces equation
in cartesian coordinates and in cylindrical and spherical polar coordinates. Of course it is nice to
know how to solve Laplace’s equation in these coordinate systems, particularly recalling that the
choice of coordinate system is generally determined by the symmetry of the boundary

conditions.
1.4 Solution in Cartesian coordinate:

Laplace's equation can be formulated in any coordinate system, and the choice of
coordinates is usually motivated by the geometry of the boundaries. When these are nice planar

surfaces, it is a good idea to adopt Cartesian coordinates, and to write

_*v 9PV 3PV

0= V2V
0x? * dy? + 0z2

for Laplace's equation.

a factorized solution of the form is
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V=X(x) Y(y) Z(2)

involving three independent functions of X, y, and z.

We cannot expect all solutions to Laplace's equation to be of this simple, factorized form;

the vast majority are not. The hope is that a superposition of factorized solutions will form the
unique solution to a given boundary-value problem.

0= EXyp g LY 1 42
 dx? dy?> 7 dz?
0_1d2X_|_1 d2Y+1 d*Z
C Xdx? Y dy?  Z dz?
Ld?x_ 1 dv 1 dz
Xdx2 Y dy? 7 dz?

after we divide through by XYZ.

Above Equation states that a function of xx only is equal to the sum of a function

of yy only and a function of zz only. Introducing an obvious notation, the equation states that
f(x) = 9(y)+h(2)f(x) = g(y)*+h(2).

If y is changed, for example, the function g (y) is certainly expected to change, but this
can have no incidence on f(x), which depends on x, a completely independent variable.

Yet this is what Laplace's equation seems to imply: a change in y must produce a change

in f, because f = g+hf. The third variable z cannot come to the rescue here, because it is also
independent from x and y.

We have an intolerable contradiction, and the only way out is to declare that f(x), g(y),
and h(z) are all constant functions.

With this property we have that gg does not, in fact, change when y is changed, and the
tension with the equation

f=g+h
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disappears because ff also will not change.

For convenience we write
f(x) =o=constant,
or

1 d?X
X dx?

=_a2

The solutions to this ordinary differential equation are

X(x) = ettax

X(x) — {cos(a’x)

sin( a x)
cos(ax) = %(ei"‘X + e~ lax),

sin(ax) = — %(ei‘"X — e lax ),

eilax

= cos(ax) +isin(ax)
Proceeding in a similar manner for the function of y, we write

G (y) =PB° = constant,

or
1 d%Y ,
—_— = _.B
Y dy?
Y(y) = e*'Px

_ ¢cos(Bx)
Y(y) - {sin(Bx)
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Again we can go back and forth between the complex exponentials and the trigonometric

functions, and the sign in front of 3,3, can be altered by letting p—1ip.

1 d?*Z
Z dz?

after we insert our previous results for X and Y. In this case the constant on the right-hand side of
the equation is fully determined in terms of aa and pp, and with the previous choices of sign

for o and B2, the constant is now positive. The solutions
7Z(z) = exVa*tp?

cosh ( Jaz+ B2 )z

Z(Z) - {sin(\/m)z

Here we can freely go back and forth between the exponential and hyperbolic forms of the
solutions.

Collecting results, we find that the factorized solutions to Laplace's equation in Cartesian
coordinates are of the form

E,:'-::: E,:'..'Hy E-,_,.'cr7‘+ﬁ! z
V 3 m y z : { . . } { - }
of ( 1 & ) ooz E_iﬁy oy v ,

1.5 Solution in spherical polar coordinate:
Spherical boundaries call for spherical coordinates.

The Laplacian operator expressed in terms of (r, 0, ¢) was obtained back in Equation, and

we have

o2 10 (zaV) 1 ) ( aV) 1 0%V
= == —(r‘— — — )+
0 v r or + r2 sinf 060 Sin® 00 r2sin2 @ ot2
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for Laplace's equation.

As usual we begin with a factorized solution of the form

V(r,8,¢)=R()Y(6, ¢),

which we shall insert within Laplace's equation.

We could factorize Y(0, ¢) further by writing it as ®(0) ®(¢), but this shall not be
necessary. The notation might trigger some expectation that Y will have something to do with
spherical harmonics.

Substitution into Laplace's equation yields

1 d zdR) 1 1 0 ( . aY) 1 0%
= = = — — — — )+ —
0 R dr (T or + Y [ sin@ 06 sin® 20 sin? 60 6(232]

and this equation informs us that a function of r only must be equal to a function of 6 and ¢.

As usual we conclude that each function must be a constant, which we denote pu. We

therefore obtain the ordinary differential equation
d ( , dR ) P
—_— e — —
dr or ¢

for the radial function, and the partial differential equation

1 9%
sin2 0 0@2

) ) oY
— — )+
(sm@ Y )

sin@ 06 - _MY

for the angular function. This equation may be compared with Equation, the differential equation
satisfied by the spherical harmonics.

They are identical in form, except that here, p is not necessarily equal to ¢(¢+1), with € a
non negative integer.
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It can be shown that for a generic value of p, the solutions to Equation become infinite
at 0 = = when they are required to be finite at 6=0.
A similar observation is in the context of Legendre functions. There the generalized

Legendre equation,

(1—p®f —2uf + A(A+1)f=0

has solutions that must blow up at 1u=—1 even when they are finite at u=1, unless A is a
nonnegative integer.

A generalization to the associated Legendre equation,

. m?
(1- ) —2uf +[A(A+1) = ———|F=0

makes the situation even worse. With u=cos6 , we are speaking of functions that become infinite
at 0=mx, just like the Y of Equation.

The singular solutions to Equation are simply not acceptable; our potential should be
nicely behaved everywhere in space, and it should certainly not go to infinity on the negative z-
axis. This compels us to set p equal to £(¢+1), because in this case Equation becomes <\p>

1 9 ) oY 1 0%y
sin0 % (Slne %) * sinZ 0 67)2 = -l (1 T I)Y

which is precisely the differential equation for the spherical harmonics. The solutions
arer'm(O,q)), with €=0,1,2,3,--- and m=—(,—¢+1,---,—1,€, and these are all nicely behaved

functions that don't go infinite anywhere. With this restriction on p, Equation becomes

2 OlzR+2 IR =1(l+ 1R
r dr2 rar_

and it is easy to show that this differential equation possesses the independent solutions

Electromagnetic Theory
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R=r¢

And
R:r—(zﬂ).

1.6 Polarization and displacement vectors:

Dielectrics are materials which have no free charges; all electrons are bound and

associated with the nearest atom .

They behave as electrically neutral when they are not in an electric field. 6 An external
applied electric field causes microscopic separations of the centers of positive and negative
charges as shown in Figurel.l. These separations behave like electric dipoles, and this

phenomenon is known as dielectric polarization.

\ _Q Q7 -Q +Q Electric dipole
\\_// p=0d " moment

Figure 1.1
Dielectrics may be subdivided into two groups :

» Non-Polar: dielectrics that do not possess permanent electric dipole moment. Electric dipole

moments can be induced by placing the materials in an externally applied electric field.

* Polar: dielectrics that possess permanent dipole moments which are ordinarily randomly
oriented, but which become more or less oriented by the application of an external electric field.

An example of this type of dielectric is water.
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-+ =+ -+ -+

- % 4+ =4

-+ =+ =+ =4

E =O O — E.()
(a) (b)
,,Orientations of non-polar molecules when(a) E
0, and (b) E,#0.
Figure 1.2

‘PQ D eoe@
QQ e & &

& O &
ﬂ@ﬁ% e®%

(a) (b)
Orientations of polar molecules when(a) E;= 0,
and (b) E,# 0.

Figure 1.3
However, the alignment is not complete due to random thermal motion.

The aligned molecules (induced dipoles) then generate an electric field that is opposite to
the applied field but smaller in magnitude.
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E (applied)

Vol element

Figure 1.4

Suppose we have a piece of material in the form of a cylinder with area A and height h,
and that it consists of N electric dipoles, each with electric dipole moment p spread uniformly

throughout the volume of the cylinder.

In the case of our cylinder, where all the dipoles are perfectly aligned, the magnitude of P

is equal to

h

(a) A cylinder with uniform dipole distribut:
(b) Equivalent charge distribution.

Figure 1.5
Np
P=—
h

From the equivalence between Fig.1.5 (a) and (b), we have two net charges £QP which

produce net dipole moment of Qph; hence
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We note that the equivalent charge distribution resembles that of a parallel-plate
capacitor, with an equivalent surface charge density cp that is equal to the magnitude of the
polarization:

_ @ N
o,=—+—=-—"Lp
A h

Thus, our equivalent charge system will produce an average electric field of magnitude

Ep = Ple0. Since the direction of this electric field is opposite to the direction of P, in vector

notation, we have

In most cases, the polarization P is not only in the same direction as E but also linearly
proportional to Ey (and hence E.) This is reasonable because without the external field there
would be no alignment of dipoles and no polarization. We write the linear relation between and

as

T3

P= gy Xe

where vy, IS called the electric susceptibility. Materials that obey this relation are linear

dielectrics. Combing Egs. (2) and (3) gives
Electromagnetic Theory
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_E—';=(1+ xe)_E)
= x,E
& =X, =1+ x,

is the dielectric constant. The dielectric constant ke is always greater than one since y. > 0.

1.7 Boundary conditions:

Let us first consider the interface between two dielectrics having permittivities &; and &;
and occupying regions 1 and 2, as shown in the figure below. * We first examine the tangential
components by using

Electromagnetic Theory
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Region 1
£

Region 2
€2

Figure 1.6

7() E.dL =0
around the small closed path, obtaining
Eion1 AW+ Eppo Aw = 0

The small contribution by the normal component of E along the sections of length A W

becomes negligible as Ah decreases and the closed path crowds the surface. Immediately, then,

Eian1 = Etanz

The boundary conditions on the normal components are found by applying Gauss’s law

to the small “pillbox” shown in the figure below

Electromagnetic Theory
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Dy,
Region | B \ e
\D.\fz
Region 2
12 {3
Figure 1.7

The sides are again very short, and the flux leaving the top and bottom surfaces is the difference

DNl AS— DNZ AS = AQ == pSAS

Dy; — Dyz = ps

This charge may be placed there deliberately, thus unbalancing the total charge in and on

this dielectric body. Except for this special case, ps is zero on the interface; Hence
Dy1 = Dn2
€1 En1 = €2 Enz

Let D1 (and E1) make an angle 61 with a normal to the surface as shown in the figure.

Because the normal components of D are continuous,

Electromagnetic Theory
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Figure 1.8
But
Dtanl _ _ _ Dtanz
- Etanl — EtanZ —
€1 €2
Dian1 €1
Dtanz €2
Thus

62 Dl Sin 61 - 61 Dz Sil’l 02
And the division of the equation

tan6; €

tan 6, €o

Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli
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1.8 Dielectric sphere in a uniform field:

A sphere of radius R, made of linear dielectric material is placed in an otherwise uniform

electric field E,.

uniform electric field is distorted by the presence of a dielectric
sphere: (a) lines of electric displacement, (b) lines of the electric field.

Figure 1.9

Find the resulting field inside and outside the sphere. The susceptibility is ye. First,
choose the z-axis in the direction of the uniform electric field. Then the boundary condition at

infinity is
V., =—Eqrcos 6

Solving the Laplace equation for the potential outside the sphere, we have

(00

B,
Vyue (r,0) = z (Alrl + rl+1) P; (cos8)

[=0

As r — oo, the Bj terms become negligibly small. The r ' terms grow large, but we must

nevertheless have a term linear inr,

Voo (r,0) = — Eyr cos 6
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= z A;rt Py (cos )
1=0

so A; = —Eg, with all other A, = 0. Therefore, putting in the single nonzero A, term
explicitly, we have

(0]

B,
Vour (r,0) = — Eyr cos6 +zm P; (cos8)

=0
for the exterior solution.

To find the constants B, , we must match this to the interior solution.

In the interior of the sphere, we have the free and bound charge densities related by

Pp = 1— x, Pr

but there is no free charge so both vanish, and we again solve the Laplace equation,

Vi, (r,0) = Z ( crt + m) P; (cos8)
=0

This time, regularity at the origin tells us that D, = 0 for all I, so

Vi (r,0) = 2 C,rt P, (cos )
1=0

The boundary conditions at r = R are:

out in
D™ — Dy

Of
out in _
E/™ —E7 =0
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Now, compute the electric field:

. - (L+1)B, o B, 0P,
=17 | E,cosf +l_OT P, —9(E051n9+rl+2%

Ein = -V Vin (T', 9)

(00

= (“a+éla)z Lp
B Tar r 00 l_OClrl

= — Y2 lertP -0 ¢t 1P6Pl

where we use 0P / 00 = 0 in the second sum. The parallel components are those in the 6"
direction. For the parallel components atr = R

Ep*t = E"
_6 (. si ) Sy
0 (Eosm9+ Zl=1Rl+2 59) = — B aR 5
aPl B; aPl) 6Pl _ oP; I—1 9P
( Eo et maa )t 2= 1Rl+2 50~ (15 T R Y.

where we separate out the | = 1 terms.

The derivative terms are all independent (see optional section below), so each coefficient
must vanish.

For each I > 2, this implies
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while for the | = 1 term,

This fixes all of the C; in terms of the B; .

Now we look at the normal components of D. Again, there is no free surface charge, so

we have continuity of the normal components at R

out _ in
DJ_ - DJ_

=0

Forl=1,

2 B,
€0E0Pl+ EOFPZZ —EC1 Pl

€0E0+ EOR_S’I = _€C1

2€
(R_;)) B; = (e— € )E,
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Finally, for the remaining |,

Substituting the values for C;,

(I+DB _ __ B
pirz €' gz

[+1 1
Bl<eou+ €l Rl‘1>=

Rl—l

€o

Rl+2 RZ +1

Pz Bi(ep(I4+1)+€l)=0

R3 \2¢p+ €
360
- = 0
265+ €

The potential is
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_ 3
Vyue(r,9) = — Eyrcosf + (ZEEOEOE ) f—z E, cos6
3 €p
Vout(r,ﬁ) = _ZEOT EO r cosf

At the boundary, we check continuity:

€E— €

Vour(R,9) = — Eg R cosO + ( ) Eo R cos6

2€p9t €

= 2% E, R cosf

2€p9t €

= in(R' 19)

The final electric fields are

P 1+2R3 €— €

T
2R3/ €e— ¢ -
265+ €

) Ey(cos 6 # — sinf 9))

3€ E ~

in = 260% (cos@f—sin@ 9)
3eg Ey -
n = — Epk
M 26+ € 0

Notice that the polarization density is in the same direction as the electric field.

Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

1.9 Electrical susceptibility:

The electric susceptibility is generally defined as the constant of proportionality (what
can possibly be a matrix); these are related to an Electric Field E to the induced dielectric
polarisation density P. Electric susceptibility, which is also known as dielectric susceptibility, is
considered to be a dimensionless proportionality constant which is responsible for indicating the
degree of polarisation of a dielectric material, this phenomenon happens in response to an

applied electric field.
Electric susceptibility is directly proportional to the polarisation of a material.

The formula of electric susceptibility is derived as follow:
P=¢y X:E

Where,
P = It is considered as the polarisation density.
go = Itis considered as the electric permittivity of free space.
X. = It is considered as the electric susceptibility.
E = It represents the electric field.

The susceptibility is proved to be related to its relative permittivity, also known as

dielectric constant &, by:

Xe = 81' = 1

Therefore in the case of vacuum,

Xe=0

During this time, the electric displacement D also becomes equal to the polarisation
density P by:
D = €o E+P
=go (1+X.)E
= Sr
Where,
€= &€&
&= (1+Xe)

Electromagnetic Theory
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UNIT 11
MAGNETO STATICS

Biot — Savart laws— Magnetic vector potential and magnetic field of a localized current
distribution — Magnetic moment, force and torque on current distribution in an external field —
Magneto static energy — Magnetic induction and magnetic field in macroscopic media —

Boundary conditions — Uniformly magnetizes sphere.
2.1 Biot — Savart laws:

The Biot Savart Law is an equation describing the magnetic field generated by a constant
electric current. It relates the magnetic field to the magnitude, direction, length, and proximity of

the electric current.

Biot—Savart law is consistent with both Ampere’s circuital law and Gauss’s theorem. The
Biot Savart law is fundamental to magnetostatics, playing a role similar to that of Coulomb’s law

in electrostatics.

...........

Q
<D
/o

Figure 2.1

Biot Savart law was created by two French physicists, Jean Baptiste Biot and Felix Savart
derived the mathematical expression for magnetic flux density at a point due a nearby current

carrying conductor, in 1820.
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Viewing the deflection of a magantic compass needle, these two scientists concluded that
any current element projects a magnetic field into the space around it. Through observations and
calculations they had derived a mathematical expression, which shows, the magnetic flux density
of which dB, is directly proportional to the length of the element dl, the current I, the sine of the
angle and 6 between direction of the current and the vector joining a given point of the field and
the current element and is inversely proportional to the square of the distance of the given point

from the current element, r.
2.2 Biot Savart Law Statement

This is Biot Savart law statement:

Hence,
[ dl sinf
B o« ————
72
I dl siné
r

Where, k is a constant, depending upon the magnetic properties of the medium and

system of the units employed.

In SI system of unit,

Uo Uy
41T

k =

Therefore, final Biot Savart law derivation is,

Ho U, y I dl sinf

dB =
4 1T r2

Let us consider a long wire carrying a current | and also consider a point p in the space.

The wire is presented in the picture below, by red color.

Electromagnetic Theory
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Let us also consider an infinitely small length of the wire dlI at a distance r from the point
P as shown. Here, r is a distance vector which makes an angle 0 with the direction of current in

the infinitesimal portion of the wire.

If you try to visualize the condition, you can easily understand the magnetic field density
at the point P due to that infinitesimal length dl of the wire is directly proportional to current
carried by this portion of the wire.

As the current through that infinitesimal length of wire is same as the current carried by

the whole wire itself, we can write,
dB o« 1

It is also very natural to think that the magnetic field density at that point P due to that
infinitesimal length dl of wire is inversely proportional to the square of the straight distance from

point P to center of dl. Mathematically we can write this as,

1
r
|
_ > 8
P
] .' f
A
ST
v
Figure 1.2

Lastly, magnetic field density at that point P due to that infinitesimal portion of wire is
also directly proportional to the actual length of the infinitesimal length dl of wire.

Electromagnetic Theory
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As 0 be the angle between distance vector r and direction of current through this
infinitesimal portion of the wire, the component of dl directly facing perpendicular to the point P

is dl sin,

Hence,
dB o dl sin®

Now, combining these three statements, we can write,

[ dl sin@

dB « =

This is the basic form of Biot Savart’s Law Now, putting the value of constant k

I dl sin@
r2

Ho U, y [ dl sin6

B =
d 4 1T r2

Here, po used in the expression of constant k is absolute permeability of air or vacuum

and it’s value is 4110”7 Wb/ A-m in SI system of units.

i of the expression of constant k is relative permeability of the medium. Now, flux
density(B) at the point P due to total length of the current carrying conductor or wire can be

represented as,

Uy U, y I dl sinf
41 2

B=de = dB =

Lu,p,. ( sind
4 2 dl
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If D is the perpendicular distance of the point P form the wire, then
rsin =D

D
r= ——
sinf

Now, the expression of flux density B at point P can be rewritten as

I no
Uo U, sin il

B =
41T r2

Fpyu,  sin6

41T D2
— = cot¥d
D co
l=Dcotf

As per the figure 1.3

Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli
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Therefore,

dl = — Dcsc?6 do

Finally the expression of B comes as,

Luyp.  sin®6

B
4 1T D2

(—Dcsc?6do)

I
= — #jsin% csc? 6.do)

I
= — %fsin@d@

This angle 6 depends upon the length of the wire and the position of the point P.

Say for certain limited length of the wire, angle 0 as indicated in the figure above varies

from 0, to 0,. Hence, magnetic flux density at point P due to total length of the conductor is,

I.“O.urfez
B=—--—"| singds
anD J, 7"

I

I'po pr

T anD [cos 6, — cos 6,]

Let’s imagine the wire is infinitely long, then 6 will vary from 0 to 7 that is 6; = 0 to 6, =

Putting these two values in the above final expression of Biot Savart law, we get,
Electromagnetic Theory
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I
B = —% [cos 0 — cos 7]
I'po py
= ——1]1-(-1
T [1- (1]
_ I.uo.ur
21w D

This is nothing but the expression of Ampere’s Law.

2.3 Magnetic vector potential:

The Maxwell equations for magnetostatics are:

—

V.E(@# =0
V xB () = upj ()

Putting these two into Helmholts equation for B (7°) gives

- 7",
BﬁszﬁgJﬁ’i(e
am 7= r
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Notice that the dependence of this vector potential on the current distribution is exactly

parallel to the dependence of the electrostatic (scalar) potential on the charge distribution

p (")
7 - 7|

)= [@r
P = e, r

2.4 Magnetic field of a localized current distribution:

consider the magnetic field generated by a steady current distribution confined to some
region of space, and how it looks from some distance away. In other words, we’ll look at a

multipole analysis of the magnetic field at a point r—r— outside the region of current.

S<_\F  Various currents confined to ¥ <R,

take |F| > R.
we use the expansion
1 s 7 s
7| IF P

to get for the i-component of the vector potential

—

Ai(?):f—i ﬁ[ ( da'r"—k%f?‘j, d3:r’+

'.'"
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2.5 Magnetic moment, force and torque on current distribution in an external
field:

The force law of Lorentz, f = q(E + V x B), is the expression of the force f exerted on a
point-charge g moving with velocity V in the external electric and magnetic fields E(r,t) and

B(r,t). Astraightforward generalization yields
Fp(r,t) =p@, ) E(r,t) +] (r,t) X B (r,1)
T, (r,t) =7 X F, (r,t)

where F; is the Lorentz force-density, T, is the corresponding torque-density, p is

electriccharge-density, and J is electric-current-density.

There is no a priori reason to distinguish between free and bound charges, nor between
free and bound currents. In other words, p(r,t) and J(r,t) in the above Lorentz formulation could

arise from various combinations of free and bound electric charges.

Thus, the total electric charge-density

Protal = Pfree — VP,
and the total electric current-density
]total :]free + JP/ot + Ho —1V x M,
give rise to a net force-density
FL = piotaE + Jiota X B.

In conjunction with Maxwell’s macroscopic equations, the Lorentz force-density of

Equation leads to the Maxwell-Lorentz stress tensor and the Livens EM momentum-density,

_ 1 i
Ju () = 5 (&oE-E + po " B.B) — £oE.E = yo™"B.B
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p. (r,t) =gE XB
which satisfy the following continuity equation:

— — 0py
V. —+ F, =0
JL + 6t+ L

Equation is the statement of conservation of linear momentum, just as Equation is the

corresponding statement of conservation of energy.

According to Equation, the force-density Fi(r,t) is the rate of exchange of momentum

between EM fields and material media.

Note that the Livens momentum-density of Equation is related to the Poynting vector

appearing in Equation via pL(r,t) = Sa(r,t) / .

the EM field should have the Abraham momentum-density
— 2
j?A = S]_ /c
—ExH/c* .

This means that pL in Equation should be replaced by pA, and the Lorentz force-density
should be augmented by the difference between the Livens and Abraham momenta, that is, the

actual force-density should be given by F;, — d(gM x E)/ot.

The hidden momentum-density trapped inside magnetic materials is thus defined as
phidden(r,t) = egM X E.

In other words, whenever magnetic dipoles are subjected to an E-field, the time-rate-of-
change of hidden momentum must be subtracted from the Lorentz force-density F; in order to

arrive at the actual force exerted on the material medium.
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2.6 Magneto static energy — Magnetic induction and magnetic field in

macroscopic media:

The expression for the vector potential.

A—) = ﬂ J dT ]—_,
4m G
The current density is divided into 2 components,
1) a conduction current density, J~ ¢ and
2) an atomic current density, J~ a .

In analogy to the electric field case, identify J~ a as a bound current density.

et [ de () Mo fdrw
41T |F—r’| 41 |F—r’|

Expand the second term by a multipole expansion and complete the integration to obtain

the magnetic moment. The first non-zero term is the dipole which for one atom is;

S mo x(F-1)
|7 = 7| 7= 7|

Here ~rj is the location of the j ™ atom and ~m is its magnetic moment. Now define a
magnetization, M~ , as the magnetic moment per unit volume, and change the sum over the

atoms (sum over j) to an integral.

M = N (m)

Electromagnetic Theory
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Then average A~ over the atoms in a sufficiently large sample, where N is the average number of

dipoles per unit volume. Substitute this into the expression for the vector potential;

A dt +

o Pl Y P Y Gt
41 |7'~’_77| 41

The contribution to A~ from the magnetization is re-written as follows.

M x (F—r1") . .,
jdr’ | — =de’M (r') xV

—

r—r

To obtain;
. VXM M
Aa — ﬂ dt’ " — — Fo jdl” I
*n 7] A4 Gl

The second term on the right can be evaluated on a boundary surface at a large distance

and set equal to zero (M~ = 0). Combining the remaining two contributions one obtains;

_— —

—  Ho ,Jc +(V X M)
A =—|dt —
41T |'r — r’l
Then identify a new current density;
So that,
T) _ — . ok
] =Jc + Ja
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jder(| M )—]|r_r| X da

Which can be written as;

V X(B = M) = pojc

Define a new quantity, H

_—  — —_—

poH =B — poM

The variable, H, is usually called the magnetic field and then B is indentified as the

magnetic induction. For comparison, the relationship between the electric displacement, electric

field, and the electric polarization is;

H = (1/po)B — M

Fhen:

with J~ ¢ the conduction, or free, current density.

2.7 Boundary conditions:
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The magnetic field, H~ , and magnetic induction, B~ , are not necessarily parallel in
contrast to a class A dielectric where the electric displacement and electric field are parallel and
lineraly related. The boundary conditions are derived from V- B=0and V x H =0 (no free
currents). Using Gaussian surfaces with Gauss’ law and Amperian loops with Ampere’s law,
boundary conditions at the interface between magnetic materials are obtained in the same way as

for the electric field. These are;

V.B =0
Which means B, is continuious
VXH =0

Which means H is continuious

2.8Uniformly magnetizes sphere:

Now consider a sphere of magnetic material, radius R, placed in a uniform magnetic
field, BOz". The sphere is assumed to have a permeability, p. There are no free currents, so the

field equations for r > R are;

x H =0

<1

B =0

<L

wal

= U H
The magnetic field H is generated from a magnetic potential, Q.

I_j - —ﬁ(,]_.u
‘on_“ =10

Solve this problem using separation of variables. Use spherical coordinates with azimuthal

symmetry. The solution for r > R is;
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Onr = —(Bo/po) T cos(B) + ) Al p=(+) p,

This form is chosen to have the correct asymptotic behavior as

r — oo ie H = (Bo/p)z.

Inside the sphere the field equations are;

—

VxH=0

— — —

7. I — _vzf;}‘_” = —v . JI

<l

this is Poisson’s equation. In this case, B~ = uH~ so there is only a surface current density. Use

the definition of the magnetic susceptibility , yM, so that M~ = yMH~ .

The sphere is then uniformly polarized in the "z direction. This means that V x ~ M~ =10
everywhere but on the suface, There is an equivalent magnetic charge density in analogy to that
produced by a uniformly electrically polarized dielectric sphere.

Then find a solution by separation of variables. Note that the field is not only uniform but

directed along, "z.

o = Y. Cir' Py

Thus the field inside the sphere must have the form;
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= = 3uB
Bi.rt = —H Vt,-‘)_.u - 'ui_:% ~
[T T
Forr > R

B = By3 + [ﬁ%}sﬂ(am)ﬂp cos(0) 7 + sin(6) 0]

This is a dipole field. The dipole moment, m, is magnetization, M, times the volume.

m = (4m)[ 47k (Boa®/ o)
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UNIT I
MAXWELL EQUATIONS

3.1 Faraday’s laws of induction:

Faraday’s law of electromagnetic induction (referred to as Faraday’s law) is a basic law
of electromagnetism predicting how a magnetic field will interact with an electric circuit to

produce an electromotive force (EMF). This phenomenon is known as electromagnetic induction.

Faraday’s law states that a current will be induced in a conductor which is exposed to a

changing magnetic field.

Lenz’s law of electromagnetic induction states that the direction of this induced current
will be such that the magnetic field created by the induced current opposes the initial changing

magnetic field which produced it.

The direction of this current now can be determined using Fleming’s right-hand rule.
Faraday’s law of induction explains the working principle of transformers, motors, generators,

and inductors.

The law is named after Michael Faraday, who performed an experiment with a magnet
and a coil. During Faraday’s experiment, he discovered how EMF is induced in a coil when the

flux passing through the coil changes.

Dwection of Movement

Mé-igf =!

Figure 3.1
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When the magnet is held stationary at that position, the needle of galvanometer returns to

zero position.

Now when the magnet moves away from the coil, there is some deflection in the needle
but opposite direction, and again when the magnet becomes stationary, at that point respect to the

coil, the needle of the galvanometer returns to the zero position.

Similarly, if the magnet is held stationary and the coil moves away, and towards the

magnet, the galvanometer similarly shows deflection.

It is also seen that the faster the change in the magnetic field, the greater will be the

induced EMF or voltage in the coil.
Faraday’s First Law

Any change in the magnetic field of a coil of wire will cause an emf to be induced in the
coil. This emf induced is called induced emf and if the conductor circuit is closed, the current

will also circulate through the circuit and this current is called induced current.
Method to change the magnetic field:

1. By moving a magnet towards or away from the coil

2. By moving the coil into or out of the magnetic field

3. By changing the area of a coil placed in the magnetic field

4. By rotating the coil relative to the magnet

Faraday’s Second Law

It states that the magnitude of emf induced in the coil is equal to the rate of change of uy
that linkages with the coil. The uy linkage of the coil is the product of the number of turns in the

coil and uy associated with the coil.
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3.2 Faraday Law Formula:

Consider, a magnet is approaching towards a coil. Here we consider two instants at time

Ty and time T,. Flux linkage with the coil at time,

-T] — AT\'TL'J)] l{'b

Flux linkage with the coil at time,

T, = Nop wh

Change in uy linkage,

N(é» — 1)

Let this change in uy linkage be,

o= (dy— @)

So, the Change in uy linkage

No

Now the rate of change of uy linkage

Take derivative on right-hand side we will get
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(1@")

N S

The rate of change of uy linkage

'(fr_'J
E=N—
dt

But according to Faraday’s law of electromagnetic induction, the rate of change of ux linkage is

equal to induced emf.

_(f(‘)

E=—-—N—
dt

Considering Lenz’s Law. Where:
Flux ® in Wb = B.
A B = magnetic field strength
A = area of the coil
3.3 How To Increase EMF Induced in a Coll

By increasing the number of turns in the coil i.e N, from the formulae derived above it is
easily seen that if the number of turns in a coil is increased, the induced emf also gets increased.
By increasing magnetic field strength i.e B surrounding the coil Mathematically, if magnetic

field increases, uy increases and if uy increases emf induced will also get increased.

Theoretically, if the coil is passed through a stronger magnetic field, there will be more

lines of force for the coil to cut and hence there will be more emf induced.

By increasing the speed of the relative motion between the coil and the magnet — If the
relative speed between the coil and magnet is increased from its previous value, the coil will cut

the lines of uy at a faster rate, so more induced emf would be produced.
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3.4 Maxwell’s displacement current:

We know that an electric current produces a magnetic field around it. J.C. Maxwell showed

that for logical consistency, a changing electric field must also produce a magnetic field.

Further, since magnetic fields have always been associated with currents, Maxwell
postulated that this current was proportional to the rate of change of the electric field and called it

displacement current.

To determine this, let’s look at the process of charging a capacitor. Further, we will apply

Ampere’s circuital law to find a magnetic point outside the capacitor.

The figure 3.3 shows a parallel plate capacitor connected in a circuit through which a time-
dependent current ig flows. We will try to find the magnetic field at a point P, in the region outside
the capacitor.

F|+M

[T
if) ——t¥y & - ——

Figure 3.2

Consider a plane circular loop of radius r centred symmetrically with the wire. Also, the
plane of the loop is perpendicular to the direction of the current carrying wire.
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Pot-like surface

i - —e

Figure 3.3

Due to the symmetry, the magnetic field is directed along the circumference of the loop and

has similar magnitude at all points on the loop.

However, as shown in the Figure 3.3 when the surface is replaced by a pot-like surface
where it doesn’t touch the current but has its bottom between the capacitor plates or a tiffin-shaped

surface (without the lid) and Ampere’s circuital law is applied, certain contradictions arise.

These contradictions arise since no current passes through the surface and Ampere’s law
does not take that scenario into consideration. This leads us to understand that there is something

missing in the Ampere’s circuital law.

Also, the missing term is such which enables us to get the same magnetic field at point P

regardless of the surface used

If we look at the figure 3.3, we can observe that the common thing that passes through the
surface and between the capacitor plates is an electric field. This field is perpendicular to the

surface, has the same magnitude over the area of the capacitor plats and vanishes outside it.
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Hence, the electric flux through the surface is Q/gy (using Gauss’s law). Further, since the
charge on the capacitor plates changes with time, for consistency we can calculate the current as

follows:

i = g (dQ/dt)

This is the missing term in Ampere’s circuital law. In simple words, when we add a term
which is gy times the rate of change of electric flux to the total current carried by the conductors,
through the same surface, then the total has the same value of current ‘i’ for all surfaces. Therefore,

no contradiction is observed if we use the Generalized Ampere’s Law.

Hence, the magnitude of B at a point P outside the plates is the same at a point just inside.
Now, the current carried by conductors due to the flow of charge is called ‘Conduction current’. The
new term added is the current that flows due to the changing electric field and is called

‘Displacement current’ or Maxwell’s Displacement current’.

3.5 Maxwell’s equations — VVector and scalar potentials:

Maxwell’s equations

P

V.-E = — (D)
€0
V-B = 0 (2)
oB
\% = =
x E 5t (3)
TE
VxB = ;£.0J+,t1,0€0(;—t 4)

Equation 1 is Gauss’s law from electrostatics, and relates the electric field E to the charge

density p.
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2 is derived from the Biot-Savart law, and expresses the experimental fact that there are

no magnetic monopoles.
3 is Faraday’s law, and shows that a changing magnetic field induces an electric field.

4 is a combination of Ampere’s law for steady currents with Maxwell’s correction to
Ampére’s law, in which a changing electric field induces a magnetic field. These four equations

(and their variants for use in dielectrics) are the basis of all classical electromagnetism

V-B = 0 we can write B as the curl of a vector field

B=VxA 3)

This is still true in the dynamic case. Substituting this into 3 we get

VvV x A

VxE=——0 (6)
Vx(E-i—(]—A):O 7
ot

The LHS is the curl of a vector field that combines the electric field and the magnetic
vector potential, and since it is zero even in the dynamic case, we can write this vector field as

the gradient of a scalar field V.

E+ 22~ vy ®)

ot
IA
E=-VV_— (6—! )

Equations 5 and 9 effectively replace 2 and 3. Using 5 and 9 we can eliminate E and B from 1
and 4:
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V-E:—VEV—,C%(V-A) (10)
o P
2o Y v oAy = _F
V2V +8:‘,(V A) . (11)
VxB=Vx(VxA) (12)
= poJ + !iofo% (13)
a1/ 2
V x (VxA) = poJ — jl{)EnV%‘; — !lﬂfﬂ% (14)
We can rearrange the last equation using the identity
Vx(VxA) = V(V-A)-V °A
S0 we get
= Mo HO€D ot HOED 81‘,2
(16)
2 )
A V
VA — ;'L[)E(]C;;? -V (V A -I—,ugeo%—t) = —ppJ (17)
To summarize:
2 d P
ViV 4+ —(V-A) =L
V +3t( A) p (13)
, 9?A 1%
V2A —,uoﬁ()%T -V (V - A + po€o 5) = —poJ (19)

These two equations comprise 4 equations (one from 18 and one for each vector
component in 19) for four functions (V and A), and their solution allows us to calculate both E
and B by means of 9 and 5, so they form a complete replacement for the original set of 4
Maxwell equations that we started with. This reduces the number of equations to be solved from
6 (for the 3 components of each of E and B) to 4. We can write these equations in a more

compact form using the d’ Alembertian operator
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32
2 = V? — jpeg— 20
Hoko 57 (20)
and defining the function
L=V-A+ upeo %"; 21)
We get
2
V=V e (22)
oL . @
=V2V — E-l_ E(V.A) ------ (23)
2 oL _ y2 9
w2V 4+ = VYV 4+ = (V.4) (24)
—-_~L
= (25)

using 18 in the last line. Also,

2

mZA =V?A-pu e 66—:1 ----(26)
m2A-VL = —yu,J ---(27)
using 19. In summary
L
V=L
Jt €o
m’A -VL = — toJ
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3.6 Gauge invariance — Wave equation and plane wave solution —

Coulomb and Lorentz gauges:

Two common gauges in electrodynamics are the Coulomb gauge and the Lorentz gauge.
Each gauge amounts to specifying a value for V-A. The Coulomb gauge sets V-A =0, and is the

gauge we used when introducing the magnetic vector potential.

To see that it’s always possible to transform from an arbitrary gauge to the Coulomb

gauge, we need to find a function A such that the transformation

A=A"+V) ey
, . A
V=V'-% @

gives V-A = 0. To do this, we must have

V.- A=0=V-A"+V?2)\ 3)
VA= —-V-A’ 4)

The last line is just Poisson’s equation and for any “reasonable” original potential A’ it is possible

to solve it.

In the Coulomb gauge, the potential forms of Maxwell’s equations:

.0 p
VWV 4+ —(V-A)= -5
Vi gy (V-A)=—2 5)
9’A ov
VA — jigﬁo(‘}? -V (V -A+ ,u,gec,a) = —poJ (6)

reduce to
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V2v’—£% %)
J*A av
VZA — Hof0 5 = —poJ + poegV (E) (8)

The scalar potential V is therefore also a solution of Poisson’s equation, and once we
have found it, we can, in principle, solve the second equation (which is a wave equation with a

complicated driving term on the RHS) for the vector potential A. The Lorentz gauge sets

oV
V. A= —,ut-geoa—f 9)
which transforms 5 and 6 to
0%V P
V2V — jpe SR 10
HOE0 5 5 o (10)
9*A
VZA — poco 55 = —HoJ (11)

In terms of the d’ Alembertian operator

2 2 0
0=V — upeg=—= 12
HoC0 5 (12)
we can write these two equations as
v =-£ (13)
€0
PA = —p10J (14)

so that both potentials now become solutions of the wave equation with a driving term,
but now V and A are decoupled.
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3.7 Pointing’s theorem:

When electromagnetic wave travels in space, it carries energy and energy density is

always associated with electric fields and magnetic fields.

The rate of energy travelled through per unit area i.e. the amount of energy flowing
through per unit area in the perpendicular direction to the incident energy per unit time is called

poynting vector. Mathematically poynting vector is represented as

]_;“) :EXI_—:[{:EXBJ
H

the direction of poynting vector is perpendicular to the plane containing E and H .
Poynting vector is also called as instantaneous energy flux density. Here rate of energy transfer P

p is perpendicular to both Eand H .

Since it represents the rate of energy transfer per unit area, its unit is W/m? . Poynting
theorem states that the net power flowing out of a given volume V is equal to the time rate of
decrease of stored electromagnetic energy in that volume decreased by the conduction losses. i.e.

Total power leaving the volume = rate of decrease of stored electromagnetic energy —
ohmic power dissipated due to motion of charge

3.8 Lorentz force:

Consider a particle having charge g. The force Fe experienced by the particle in the presence of

electric field intensity E is

Fe=qE
The force Fr, experienced by the particle in the presence of magnetic flux density B is

Fm=qvxB
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where v is the velocity of the particle. The Lorentz force experienced by the particle is simply the

sum of these forces; i.e.,
F=Fe+Fm

=q(E+ vxB)

The term “Lorentz force” is simply a concise way to refer to the combined contributions of the

electric and magnetic fields.
3.9 Conservation laws for a system of charges and electromagnetic fields:

Law of conservation of charge says that the net charge of an isolated system will always
remain constant.! This means that any system that is not exchanging mass or energy with its

surroundings will never have a different total charge at any two times.

For example, if two objects in an isolated system have a net charge of zero, and one
object exchanges one million electrons to the other, the object with the excess electrons will be
negatively charged and the object with the reduced number of electrons will have a positive

charge of the same magnitude.

The total charge of the system has not and will never change.
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UNIT IV
WAVE PROPAGATION

4.1 Plane waves in non-conduction media:

Let us consider a plane EM wave. A plane wave can be described as a wave where phase
is constant over a set of parallel planes in the direction of propagation. A uniform plane wave is a

wave where magnitude and phase both are constant.

We know that, transverse electromagnetic waves in free space are uniform plane waves.
The electric and magnetic field vectors are mutually perpendicular to each other and to the

direction of propagation of the wave. T

The electromagnetic energy associated with the wave is equally shared between the
electric and magnetic field. The phases and their magnitudes are always constant. The EM

energy is transmitted in the direction of propagation.

A non uniform plane EM wave is a wave where amplitudes of may vary within plane
normal to the direction of propagation. As a consequence H and E, are no longer in phase with
each other

X-axis

> > Z-axis

Direction of Propagation

y-axis

Figure. 4.1

Let us consider, a uniform plane EM wave travelling in the positive Z- direction as shown. Since,
there is no variation of electric field and magnetic field intensity in a plane normal to the

direction of propagation of the wave. We have,
Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

0E B 0E B
ox oy
0H B OH _ 0
ox Ay
Let us assume that,
E=1{E,
H=jH,

That is electric field vector is chosen along x- axis while magnetic field vector is chosen

along y axis so that, the

S=E xH
= (i % j)ExHy
= j-(ExHy)

points in the z-direction.

Let us assume the sinusoidally time varying nature of Electromagnetic fields, expressed

in phasor form as

Similarly,

H,= Hyel(®t=F2 . A(a)

Consider Maxwell’s Third Equation,
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i ]k
0 d 9 _ A 0K 7 0Ex
LHS = dx dy 0z -J 0x dy
E. 0 0
Vx E= -2 4 9 -(4b)
0z
Then we have Equation 4(a) = 4(b), hence
g 0B _ s, O
0z JH 0z
9Bx _  OHy
oz 1 0z (5)

a[Ex] _ aH}’
oz a 0z
a[EO ej(a)t—ﬁz)]
-i BE el (wt=Bz) _— —-ju H,

B
H, = o T (6)
Now ,8=27”
_2nf
= 7
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Using the value of

SRS

in equation (6) we get,

Note that, the ratio Ex/Hy has the dimension of impedance. It is called as the intrinsic

impedance of the free space to the EM wave and is denoted by 1o then we have,

_ [me _ 41 %1077 0
Mo = o = 885x10-12
n, ~ 37712

Let us further assume that the EM wave is propagating through a lossless dielectric, i.e.

let o =0, then the wave equation reduces to

02E 02Ey

— = Moo 55 (1)
0%H, 0%H,
5.2 . MHoto 5z —-(2)
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From these equations we understand that the phase velocity of EM wave under

: o1
consideration is —

VR0

Thus, is the case of a plane EM wave propagating in free space, we have the following

quantities

Q) a- attenuation constant = 0

i) B = w . /use, = phase constant radian /meter

(i)  V, = phase velocity =1//upgy = 3 x 108 m/s
(iv) mno = intrinsic impedance = /? = 377 ()
0

In general, for lossless medium (a = 0);

S For a uniform plane EM wave, we have the following relations

a=0,
B= wyuye
T=e V&

where /¢ = e (dielectric constant)

U

Ho

<
S| j
M

The quantity is also known as Refractive Index of the medium.
Thus, we have
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4.2 Linear polarization:

Linear polarization refers to the orientation of the electric field vector in an
electromagnetic wave. In a linearly polarized wave, the electric field oscillates in a single plane,

while the magnetic field oscillates perpendicular to it.

The direction of polarization is determined by the direction of the electric field vector.
Linear polarization can be achieved by passing unpolarized light through a polarizing filter or by

using certain types of antennas.

Advantages of Linear Polarization

1. Longer read range: Linear polarization typically provides a longer read range compared to
circular polarization. This is because the energy of the RF signal is concentrated in a single

direction, allowing for greater distance between the reader and the tag.

2. Better penetration: Linear polarization is better at penetrating certain materials, such as liquids
and metals. This makes it suitable for applications where tags may be placed on or near these

materials.

3. Lower cost: Linear polarization antennas are generally less expensive to manufacture

compared to circular polarization antennas.

4.3 Circular polarization:

Circular polarization is a property of electromagnetic waves, such as light, where the

direction of the electric field vector rotates in a circular pattern as the wave propagates.

In circularly polarized light, the electric field vector traces out a helix or spiral shape in
space. This is in contrast to linear polarization, where the electric field oscillates in a straight

line, and elliptical polarization, where the electric field traces out an ellipse.
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Circular polarization can be either right-handed or left-handed, depending on the

direction of rotation of the electric field vector.

Advantages of Circular Polarization

1. Better tag orientation: Circular polarization is less affected by the orientation of the tag. This
means that tags can be read from any angle, making it easier to achieve consistent and reliable

reads.

2. Multiple tag reading: Circular polarization allows for the simultaneous reading of multiple
tags, even if they are in different orientations. This makes it ideal for applications where multiple

tags need to be read quickly and efficiently.

3. Improved performance in multi-path environments: Circular polarization is less affected by
multi-path interference, where signals bounce off objects and create interference. This makes it

suitable for applications in environments with many reflective surfaces.

4.4 Reflection and refraction at a plane interface:

The normal laws of reflection and refraction which we know can be derived when the
EM wave is polarized perpendicular to the plane of incidence.

Using boundary conditions on field vectors, the expression for reflection coefficient R
and transmission coefficient T can be derived in this case. Let us see the results for normal
incidence and oblique incidence.

In the case of a plane EM wave with E vector polarized perpendicular to the plane of
incidence , the reflection coefficient R and transmission coefficient T can be derived using

boundary conditions . For normal incidence, the results are as shown.

7’11 - nz
R, = (—)2
n1+ n,

n 2n
TJ_:_Z 1)2

nq ny+ n,
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4.5 Waves in conduction medium:

A sugar stone moving vertically down through a water column slowly dissolves in it due
to its high solubility.

Similarly, when an EM wave is propagating through a conducting medium, the amplitude
of Vectors and hence the EM energy goes on decreasing and finally the wave is absorbed in the

conducting medium.

Conduction current term dominates the displacement current term in the wave equation

for E. the wave equation reduces to the one as shown, H and E

v E ok
~ o —
ST
“Skin depth is defined as the distance after travelling which the amplitude of the electric field
vector reduces to 1/e times the original amplitude.
The loss of amplitude of E vector is measured in terms of a physical quantity known as

“Skin depth” .

2
wuo

5 =

From the expression it is clear that for higher value of frequency of wave and

conductivity of medium, the skin depth is smaller.

Sea water has conductivity due to its mineral contents. Hence EM wave cannot propagate
over a larger distance through it.

Due to this, submarine communication is not possible with EM waves. We have to use
ultrasonic waves which are sound waves of frequency about 30 kHz for submarine
communication.

A good conductor has very high conductivity. Hence the conduction current is much
higher than the displacement current. Thus, we have o > we

In this case, the propagation constant is given by
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The skin depth is given by

§ = ——

1
Jofuo

_ 2
C Jouo

The surface resistance R of the film is given by

@
Ry = |0
S 20

The intrinsic impedance of a good conductor is given by

_ Jou
1 o

= (1 +j)Rs

Generally, all the dielectric materials have some conductivity. But the conductivities are
very small. However, when the conductivities cannot be neglected , the intrinsic impedance of

_ | Jor
7 otjwe

the dielectric to EM wave is given by
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U ., 0
— - 1—j — -1/2
. [ JM]

The term é is called as the loss tangents and is defined as,

o
tan9 = —
w E

If the loss tangent is small, then the intrinsic impedance is approximately given by,

y = a+if

Where
A
¢ 2NE

Note that the derivations of the approximate expressions for a and f make use of binomial

expansions.
4.6 Propagation of waves in a rectangular wave guide:

In electromagnetics, a waveguide confines electromagnetic signals within the structure,
preventing spreading, losses, and signal transmission from one point to another. Usually, a basic
waveguide can be constructed from a hollow conducting tube. If the conducting tube has a
rectangular cross-section, then it forms the rectangular waveguide. In the section below, we will

discuss various aspects of rectangular waveguide theory.
4.7 The Structure of a Rectangular Waveguide:

Rectangular waveguides are the most commonly used waveguides. They consist of a
hollow metallic structure with a rectangular cross-section. A rectangular waveguide is usually
constructed with a length of a > b, where b is the breadth of the rectangle. A common trend for
the dimension of a rectangular waveguide is
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a=2b.
Advantages of Rectangular Waveguides:
The advantages of rectangular waveguides include:

e Wide frequency bandwidth for single-mode propagation
e Low attenuation

« Excellent mode stability for fundamental propagation modes
4.8 In homogeneous wave equation and retarded potentials:

More generally the retarded potentials can be written as

d3r’

g(rt)= |[':]_—rr,|
1 [Jla
A(rt) = Efm

The notation [Q] means that Q is to be evaluated at the retarded time

Q] = Q (r,t- =T

c

Here | r — r’ | is the distance from the source point r 0 to the field point r. Now

electromagnetic “news” travel at the speed of light.

When the source charge and current distributions are time dependant , it is not the
instaneous status of the source distribution that matters, but rather its condition at some earlier

time (called the retarded time) when the "message” left.

Since this message must travel a distance [r — r © |, the delay is ( r—1” ) / ¢ Because the

integrands in and are evaluated at the retarded time ,these are called retarded potentials.
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Note that the retarded time is not the same for all points of the source distribution, the
most distant parts of the source have earlier retarded times than the nearby ones. Also note that

the retarded potentials reduce properly to

@(I‘) — f [p]r’

| r—r'|

A(r) = %f—[”r,l

|lr—r
A similar set of solutions with the potentials evaluated at the advanced time

bfr—r1r'
+| f |
c

taav = t
are also mathematically valid solutions of the inhomogeneous wave equations and .

These are accordingly called the advanced potentials.

Although the advanced potentials are entirely consistent with Maxwell’s equations, they

violate the most sacred tenet in all of physics: the Principle of Causality.

They suggest that the potentials now depend on what the charge and current distribution

will be at some time in the future-the effect, in other words, precedes the cause.

Although the advanced potentials are of some theoretical interest, they have no direct
physical signifance. (Because the D’ Alembartian involves t % instead of t, the theory itself is time

reversal invariant, and does not distinguish ”’past” from ”future”.)

Time assymetry is introduced when we select the retarded potentials in preference to the
advanced ones, reflecting the reasonable belief that electromagnetic influences propagate

forward, not backward, in time).

Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

4.9 Radiation from a localized source:

Like all electromagnetic fields the source of electromagnetic waves is some arrangement
of electric charge. But a charge at rest does not generate electromagnetic waves: nor does a

steady current.

It takes accelerating charges and changing currents to produce em waves, i.e., to radiate.
Once established, the em waves in vacuum propagate out to infinity, carrying energy with them;

the signature of radiation is this irreversible flow of energy away from the source.

Imagine a spherical shell at radius r; the total power P(r) passing out through this surface

is the integral of the Poynting vector:

P() = [S . dA

= = f (E x B).dA
The power radiated is the limit of this quantity as r goes to infinity:
Prag = Limitr = oo P(7)
This is the energy (per unit time)that is transported to infinity,
4.10 Oscillating electric dipole:

To understand the meaning of oscillating electric dipole, first we take two opposite
charges located at a distance d along z-direction at points A and B. Basically, this pairs of
charges form an electric dipole with associated dipole moment (p) being directed along z-

direction (as shown in figure ).

Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

Now, if we somehow change the charges at point A and B with time.

Moreover, if the change is such that charges at point A and B become the oscillatory

function of time i.e., for example:

q(t) = qo sin(wt)

where ® represents the angular frequency of the oscillation. In such a situation, the dipole

moment associated with the dipole is:
p(t) = qod sin(wt)é,

p(t) = po sin(wt)e,
where po = (od represents the maximum value of dipole moment.

From the above equation, it is clear that the dipole moment also becomes the oscillatory
function of time. Such an electric dipole with the associated dipole moment oscillates with time

is known as an oscillatory electric dipole.
4.11 Radiation from an Oscillating Electric Dipole:

To calculate the radiation emitted by an oscillating electric dipole, we take an oscillating

dipole system as shown in the below figure.
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Now, our aim is determine the expression for the radiation at point P located at rl

distance from +q charge and r, distance from -q charge (see the figure).

Moreover, the position vector r represents the position of point P with respect to the

center O of the dipole (midpoint on the axis of the dipole). The vector r is oriented at angle 0

with the axis.

— +q r

Now, from the previous lectures, the retarded potential due to +q charge at point P is:

1 qo cos[w (t—"D)]
Vv, = - —(1)

4T E T

In the above expression, potential is calculated at retared time t, =t — ry/c. Similarly, the
retarded potential due to -q charge at point P is
1 4o cos[w (t—"2)]

v, = - ~-(2)

4TEY 1P

The net retarded potential due to both the charges is:

do cos[ ) ( t— r—l)] qo cos[w (t— %2)]

V(o = 5 ( - ) —(3)

4T E 7
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Now note that for the triangle AOP, length of the sides are AO=d/2, OP=r, AP=r ;. So from the

law of cosines (also called as the cosine rule) for the triangle AOP:

d d
nt = r?+ (5)2— 2r (E)COSB

r1=\/r2+d:2—rd cos¢ - 4)

Similarly, for the triangle BOP, using the law of cosines, we can have:

d d
2 = r? + (E)Z— 2r<5>cos(n— 0)

r, = \/rz + dzz + rd cosf ----(5)
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UNIT V
ELEMENTARY PLASMA PHYSICS

5.1 Electron plasma oscillations:

Consider a small spherical region inside plasma and suppose that a perturbation in the
form of an excess of negative charge is introduced in this small region.

Because of spherical symmetry, the corresponding electric field is radial and points
towards the center, forcing the electrons to move radially outward.

After a small time interval, since the electrons gain kinetic energy in the course of their
motion, more electrons leave the spherical plasma region (due to their inertia) than is necessary
to resume the state of electrical neutrality.

An excess of positive charge results, therefore, inside this region and the reversed
(outward, now) electric field causes the electrons to move inward.

This sequence of outward and inward electron movement in the spherical plasma region
continues periodically, resulting in electron plasma oscillations.

In this way the plasma maintains its macroscopic neutrality on the average, since the total
charge inside the spherical region, averaged over one period of these oscillations, is zero.

The frequency of these oscillations is usually very high, and since the ions (in view of
their much higher mass) are unable to follow the rapidity of the electron oscillations, their

motion is often neglected.

—> - —— +— + —>
/ T AN & l p "
(a) (b)
Figure 5.1
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To study the characteristics of the electron plasma oscillations we can use the cold plasma
model, in which the particle thermal motion and the pressure gradient force are not taken into
account. We shall neglect ion motion and assume a very small electron density perturbation such
that

ne (r,t) = ng + ng' (r,t) —-------m-m-m-m--- (1)

where no is a constant number density and
In~ 1 «n,.
Similarly, we assume that the electric field produced, E(r, t), and the average electron
velocity,
U, (r t), are first-order perturbations, so that the linearized equations can be used. The

linearized continuity and momentum equations become, respectively,

T 2L T €03 R )
Qelrt) _ e peN
= T E(D) ©

In the momentum equation we have assumed that the rate of momentum loss from the
electron gas due to collisions is negligible. Considering singly charged ions, the charge density is

given by
p(r,t) = —e [no + ne' (r, t)] + e nyg

where the ion density was considered to be constant and uniform, and equal to n, (neglecting ion

motion). Therefore,

V.E(rt) = 29 = —630 TR () R —— (5)

€o
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Equations are constitute a complete set of equations to be solved for the variables n~(r, t), ue(r, t),

and E(r, t). Taking the divergence of (1.3) and using (1.2) to substitute for we obtain

LR SRR g —— (6)

ot2

Combining (5) and (6) to eliminate del- E, yields

9%ne (1t
N (I (7)
ng e?
Wpe = (moe o )1/2 """"""" (8)

is called the electron plasma frequency. Equation shows that n ~ ( r, t) varies harmonically in

time at the electron plasma frequency,

1’le’ (T: t) = 1lle, (T) exp( i Wpe ) (9)

In fact, all first-order perturbations have a harmonic time variation at the plasma
frequency Wpe:

To justify this statement it is convenient to start with the assumption that all first-order

quantities vary harmonically in time, as exp ( -1 w t). Eqquation. (2) and (3) become, in this case,

; l

Ne = — — Mg V.u, --(10)
ie
U= = - ----(11)
which can be combined into
I ng e
ne -_— wz me V . E __(12)

Substituting this expression for n into (5), yields

w

2
~—)V.E --(13)

w

(1-
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which shows that a nontrivial solution requires w = Wpe:

Therefore, all the perturbations vary harmonically in time at the electron plasma
frequency. Further, for all variables there is no change in phase from point to point, implying the
absence of wave propagation. The oscillations are therefore stationary.

Also, (11) shows that the electron velocity is in the same direction as the electric field, so
that these oscillations are longitudinal.

The electron plasma oscillations are also electrostatic in character.

In order to show this aspect of the oscillations, consider Maxwell curl equations with a

harmonic time variation,

VXE=iwB ---(14)
VXB=puy(J—i weyE) ---(15)

The electric current density is given by

J= —enpu
P 2
_ Lnge
= om (16)
where we have used (1.11) for ue. Therefore,
VXB=—iuy wege, E) ---(17)

where we have defined a relative permittivity by

2
wpe

(‘)2

& =1- ----(18)

For the electron plasma oscillations we have w = wpe, so that er= 0, and (17) reduces to

VxB=0 (19)

Since the curl of the gradient of any scalar function vanishes identically,
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we may write

B=Vvy¢Y (20)
where psi is @ magnetic scalar potential. Substituting (20) into (14) and taking the divergence of

both sides, we obtain the Laplace equation

V.(V¥)=V?¥=0 - (21)
since the divergence of the curl of any vector function vanishes identically.
The only solution of this equation, which is not singular and finite at infinity, IS
psi =constant, so that B = 0.

Hence, there is no magnetic field associated with these space charge oscillations.

5.2 The Debye shielding problem:

To examine the mechanism by which the plasma strives to shield its interior from a
disturbing electric field, consider a plasma whose equilibrium state is perturbed by an electric
field due to an external charged particle.

For that matter, this electric field may also be considered to be due to one of the charged
particles inside the plasma, isolated for observation.

For definiteness, we assume this test particle to have a positive charge +Q, and choose a
spherical coordinate system whose origin coincides with the position of the test particle.

We are interested in determining the electrostatic potential ¢(r) that is established near the
test charge Q, due to the combined effects of the test charge and the distribution of charged
particles surrounding it.

Since the positive test charge Q attracts the negatively charged particles and repels the
positively charged ones, the number densities of the electrons ne (r) and of the ions n; ( r) will be
slightly different near the origin (test particle), whereas at large distances from the origin the
electrostatic potential vanishes, so that ne ( ) = nj () =nyg.

Since this is a steady-state problem under the action of a conservative electric field, we
have
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E(r)=-Vo@ - (1)
ne(r) = ng exp[ S22 ] ~(2)
ny(r) = ngexp[ — L] ~@3)
p(r)=—e[n. () —n;(M]+Q5() ~---(4)

where we have assumed that the electrons and ions (of charge €) have the same

temperature T.

The total electric charge density p(r), including the test charge Q, can be expressed as

@)——fno&mﬂ w“]—e [—e¢ﬁq }+Q500 ----- (5)

Substituting (1) and (5) into the following Maxwell equation,

V.E(@) = 2D —(6)

€o

gives the differential equation

2 (r) — %{em[e‘pm]— exp| - 222] 1= - f—o 5 (1) =)

kT kT

which allows the evaluation of the electrostatic potential ¢(r).

In order to proceed analytically, we assume now that the perturbing electrostatic potential
is weak so that the electrostatic potential energy is much less than the mean thermal energy, that
is,

ep(r) kT (8)

Under this condition we can use the approximation (making a series expansion)

e R e R — ©

Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli

Therefore, equation (7) simplifies to
2 2 _ Q
Vip () = =)= —--60) - (10)
D 0

where AD denotes the Debye length

Since the problem has spherical symmetry, the electrostatic potential depends only on the
radial distance r measured from the position of the test particle, being independent of the spatial
orientation of r.

Thus, using spherical coordinates, (10) can be written (for r = 0) as

1 d
r2 dr

r2s () |- e@=0 (12)

In order to solve this equation we note initially that for an isolated particle of charge

+Q), in free space, the electric field is directed radially outward and is given by

E(r) = L (13)

4 ey 12

so that the electrostatic coulomb potential pi c(r) due to this isolated charged particle in

free space is

1
Pc (r) = %

4 Tteg
In the very close proximity of the test particle the electrostatic potential should be the

same as that for an isolated particle in free space.
Hence, it is appropriate to seek the solution of (12) in the form

o= pMF ()= — (15)

4 TtEQ r
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where the function F(r) must be such that F(r) - 1 when r — 0.

Furthermore, the electrostatic potential ¢( r) is required to vanish at infinity, that is, ¢ —
Owhenr— oo.

Substituting (15) into (12) yields the following differential equation for F (r):

d?F(r) _
drz

SF@) e (16)
D

This simple differential equation for F ( r) has the solution
2 2r
F(r)=Aexp (Q) + B exp (—Q) (2.17)
AD

The condition that ¢(r) vanishes for large values of r requires A= 0. Also, the condition that F(r)
tends to one when r tends to zero requires B = 1. Therefore, the solution of (2.12) is

) o ()

AD dmeg T ¢ AD

8(r) = 9clr) exp (- (218)

This result is commonly known as the Debye potential, since this non rigorous derivation

was first presented by Debye and Ruckel in their theory of electrolytes.

nge Cb( )
kT

p(r) = -2 +@Q 4(r) (2.19)

Substituting ¢(r) by the Debye potential (18), we obtain

olr) = —% e (- ‘fj) +Q () (2.20)

To obtain the total charge gt we integrate (2.20) over all space,

| \/ﬁ r 9
g = /// 3 = 271—)\2 ;exp (—W)élﬁr dr +
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Since the first integral gives -Q, whereas the second one is equal to +Q, we find g; = 0.

d)s ¢C A
300 -
2¢u -
de(r)
do |-
(r)
0 1 2 2)" tfhp

An important point to be noted in the result (18) is that, for r — 0, the Debye potential becomes

very large and the assumption e¢(r) << KT is unlikely to be fulfilled. To verify the validity of this

approximation, and consequently of (18), note that using (18) with Q =e we have

o _ e exp (~v27/Ap) _ Ao ewp (=v2r/Ap) )
kT dregrkT INp r '

where N  is the number of electrons inside a De bye sphere. Since N |, is very large for virtually
all plasmas, it is evident that the ratio given in (2.22) is much less than one, except when T is less
than A/N,,. Therefore,

As a final point, we note that in the derivation of the Debye potential that appears extensively in
the literature, it is usual to ignore ion motion and to assume a constant ion number density equal
to the unperturbed electron number density. In this case the factor of 2 disappears from (10), and

the expression for the Debye potential becomes

60r) = - & e (-r/do) (229
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5.3 Plasma confinement in a magnetic field :

Consider, for simplicity, the special case in which the magnetic field is along the z axis, that is
B = Bz, so that simplifies to

((P+Bz/2ﬂn) 0 0 )
v - 0 (p+ B?/2u0) 0 =0 (71

0 0 (p— B*/2p10)

from which we obtain

%(p+§%)=[} (7.2)
a%(p+ %) ~0 (7.3)
) B2

Ez(p*-%):o (7.4)

Also, from VV - B = 0, we have

0B
— =0 7.9

5 (7.5)

since, in the local coordinate system, B is along the z axis. This last equation, together with (4),
implies that both p and B do not vary in

/MAGNETIC
AXIS

ISOBARIC
SURFACES

the z direction. The solutions of (2 ) and (3), combined with this result, give
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2
(p + —) = constant (7.6)

2p0
Therefore, in the presence of an externally applied magnetic field, if the plasma is bounded, the
plasma Kinetic pressure decreases from the axis radially outwards, whereas the magnetic pressure

increases in the same direction in such a manner that their sum remains constant at each point,

The plasma kinetic pressure can be forced to vanish on an outer surface if the applied
magnetic field is sufficiently strong, with the result that the plasma is confined within this outer
surface by the magnetic field.

Let B, be the value of the magnetic induction at the plasma boundary. Since the kinetic
pressure at the plasma boundary is zero (ideally), we can evaluate the constant in (6) from the
pressure equilibrium condition at t he plasma boundary. Therefore,

B* B}

p+o—=

—_ = 7.7
20 2po (7.7)

The maximum fluid pressure that can be confined for a given applied field B, is, consequently,

B

B (7.8)

p'.rrm.:r =

A parameter beta, defined as the ratio of the kinetic pressure at a point inside the plasma,
to the confining magnetic pressure at the plasma boundary, is usually introduced as a measure of
the relative magnitudes of the kinetic and magnetic pressures. It is given by

3 p

= B (7.9)

Note that beta ranges between 0 and 1, since the field inside the plasma is less than Bo.
we can also express the parameter beta as
B2
ﬁ_lm(gg) (7.10)
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An important property of a plasma is its diamagnetic character. Equation (7.7) implies that the
magnetic field inside the plasma is less than its value at the plasma boundary. As the kinetic
pressure increases inside the plasma, the magnetic field decreases. Under the action of the
externally applied B field, the particle motions give rise to internal electric

.
.
o o o(sloreteTVeV . B
o
L]

currents that induce a magnetic field opposite to the externally applied field. Consequently, the
resultant magnetic field inside the plasma is reduced to a value less than that at the plasma
boundary. The electric current , induced in the plasma, depends on the number density of the
charged particles and on their velocity. Therefore, as the plasma kinetic pressure increases, the
induced electric current and the induced magnetic field also increase, thus enhancing the
diamagnetic effect.

5.4 Magneto-hydro dynamic waves:

When the fluid is not perfectly conducting, but has a finite conductivity, or if viscous
effects are present, the MHD waves will be damped

d
gm] + pmo(V - u1) =0 (7.1)
t
pmo gy +VIVpm1+ - Box (VX By) — pmo mVPwr =0 (7.2)
% —V x (u; x Bg) =7, V?B; =0 (7.3)
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For plane wave solutions, the differential operators % and V are replaced by -iw and ik,

respectively, so that the set of differential equations (7.1) to (7.3) are replaced by a

corresponding set of algebraic equations. Thus, we obtain

k-u
Pm1 = Pmo ( 1_)' (74)
w
_ Pmi 2 1 . 2 .
wu =— Vk+ By x (k x By) — inrk*uy (7.5)
Pmo H0Pmo
1
=k B .
B = i < X B (75)

Substituting (4) and (6) into (5), and rearranging, we get

_? (1 N ini)kz)(l+ i??z;kz) u (H— ’in.,;kg) V2 (k. uy )k -

VA X {k X [k X (1.11 X VA)]} =0 (77)

Comparing this equation for u; with (19), we see that we obtain the same results as before,

except that w? must be multiplied by the factor

(1 + ingk? [w)(1 + ink? Jw), and V2 must be multiplied by the factor
(14 innk*/w).

5.6 Alfiven waves:

For the case of transverse Alfven waves propagating along Bo , the relation between w and k

becomes
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F2VE =w?(1+ i”ikz) (1+ i”’;kz)

_ L2 [1 L 1O A m)R® nwmk“]
w w?

(7.8)

In order to simplify this result we shall assume that the correction terms corresponding to the
kinematic and magnetic viscosities are small, so that the term in the right-hand side of (8) can be

neglected. Thus,

: 2
kszz ~ 2 [l + (ke + 1m )k }

w

i(mk + Wm)w}

2
zw[1+ V2

(7.9)

where we have replaced w / k, in the right-hand side, by the first-order result (V,)- Using the
binomial expansion approximation
(1+ X))~ 1+ x/2,

valid for x « 1, (9) can be further simplified to

fa & E T )

Vi 373 (7.10)

The positive imaginary part in this expression for k(w) implies in wave damping. This is easily

seen by writing k = k; + i kj, with k;and k; real numbers, and noting that

exp (ikz) = exp (=k;z) exp (iky2) (7.11)
which represents a wave propagating along the z axis with wave number k;, but having an

exponentially decreasing amplitude, which falls to 1/e of its original intensity in a distance of 1/
Ki.

Electromagnetic Theory



Manonmaniam Sundaranar University, Directorate of Distance & Continuing Education, Tirunelveli
Re= =S

5.7 Magneto sonic waves:

For longitudinal magnetosonic waves propagating across Bo, the dispersion relation becomes

k2v2(1 + ik’ ) + KV} =W (1 + im’ﬁ) (1 + m’”kg) (7.14)

w w w
To simplify this expression we consider that the kinematic and magnetic viscosities are small and

neglect the term involving the product Tk /W Hence, after rearrangement

BV +Vi) ~ {1+LE[Wk+TFm( jﬂ)” (7.15)

In the terms in the right-hand side of (7.15) we can replace (wz ’,rkz] by the approximate

V24 V2), L . i . .
result (Vs + A) so that (7.15) can be further simplified to give the following dispersion
relation:

SR S . [ po—tm | (7.16

~war v v el 09

k = “ + W’ [ 7, + —] (16)
(Vv 2 T 2 (vFr v LTk (1+15)

Thus, the attenuation of magnetosonic waves also increases with frequency and with

kinematic and magnetic viscosities, but decreases with increasing magnetic field strength.
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