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«  Maxwell's Equations

e  Production of Electromagnetic Waves
«  EM Waves from Maxwell's Equations
e  Speed of EM Waves
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o Energy Transport
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Displacement Current
« Maxwell interpreted the second term in the generalized
Ampere’s law equivalent to an electric current

— He called this term as the displacement current, I,
— While the other term is called as the conduction current, 1

« Ampere’s law then can be written as

JIB-dl = s (1+1p)

— Where

do,
dt

— While it is in effect equivalent to an electric current, a flow of electric
charge, this actually does not have anything to do with the flow itself

5 = &

PHYS 1444 2
Dr. Koymen




Gauss’ Law for Magnetism

If there is symmetry between electricity and magnetism, there must be an equivalent
law in magnetism as the Gauss’ Law in electricity

For a magnetic field B, the magnetic flux dg through the surface is defined as
©y = [B-dA
— Where the integration is over the area of either an open or a closed surface
The magnetic flux through a closed surface which completely encloses a volume is

@B:[ﬁé-dA

What was the Gauss’ law in the electric case?

— The electric flux through a closed surface is equal to the total net charge Q enclosed by the
surface divided by g,.

U‘] E.dA= Qen Gauss’ Law

& for electricity

Similarly, we can write Gauss’ law for magnetism as

[ﬁ EGIEG | Gauss' Lawfor

magnetism

Why is result of the integral zero?
— There is no isolated magnetic poles, the magnetic equivalent of single electric charges
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Gauss’ Law for Magnetism

« What does the Gauss’ law In magnetism mean
physically?

1B-dA=0
— There are as many magnetic flux lines that enter the

enclosed volume as leave It

— If magnetic monopole does not exist, there is no starting
or stopping point of the flux lines

* Electricity do have the source and the sink
— Magnetic field lines must be continuous

— Even for bar magnets, the field lines exist both insides
and outside of the magnet
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the four equations developeo

Maxwell’'s Equations
* Inthe absence of dielectric or magnetic materials,

by Maxwell are:

- - Q Gauss’ Law for electricity
m E. dA _ encl

A generalized form of Coulomb’s law relating

& 0 electric field to its sources, the electric charge

- d

wuli

|

Gauss’ Law for magnetism

=0

=
|
|

A magnetic equivalent of Coulomb’s law, relating magnetic field
to its sources. This says there are no magnetic monopoles.

Faraday’s Law

dt An electric field is produced by a changing magnetic field

uull
o

— || = ||
m
=)

do,

dt
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Ampére’s Law

A magnetic field is produced by an
electric current or by a changing
electric field 5



Maxwell's Amazing Leap of Faith

 According to Maxwell, a magnetic field will be produced even
In an empty space If there Is a changing electric field

— He then took this concept one step further and concluded that
« |f a changing magnetic field produces an electric field, the electric field is also
changing in time.
« This changing electric field in turn produces the magnetic field that also
changes

« This changing magnetic field then in turn produces the electric field that
changes

* This process continues

— With the manipulation of the equations, Maxwell found that the net
result of this interacting changing fields is a wave of electric and
magnetic fields that can actually propagate (travel) through the

space
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Production of EM Waves

 Consider two conducting rods that will serve
as an antenna are connected to a DC power

~
source ] 0_
— What do you think will happen when the switch is _L/ oy
closed? gl
 The rod connected to the positive terminal is charged T—-
positive and the other negative ng-
¢ Thden the electric field will be generated between the two Bisout@\_-
rods ) ()

» Since there Is current that flows through the rods, a
magnetic field around them will be generated

« How far would the electric and magnetic fields extend?
— In static case, the field extends indefinitely

— When the switch is closed, the fields are formed near the rods
quickly but

— The stored energyln the fields won't propagate w/ infinite speed
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Production of EM Waves

« What happens If the antenna is connected to an ac power
source? IT

— When the connection was initially made, the rods are charging up \
quickly w/ the current flowing in one direction as shown in the ™
figure

* The field lines form as in the dc case
 The field lines propagate away from the antenna 4 T

— Then the direction of the voltage reverses
 New field lines in the opposite direction forms

« While the original field lines still propagates away from the rod
reaching out far

— Since the original field propagates through an empty space, the field
lines must form a closed loop (no charge exist)

» Since changing electric and magnetic fields produce changing
magnetic and electric fields, the fields moving outward is self
supporting and do not need antenna with flowing charge

— The fields far from the antenna is called the radiation field

— Both electric and magnetic fields form closed loops perpendicular
to each other
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Properties of Radiation Fields
The fields travel on the other side of the antenna as
well

The field strength are the greatest in the direction
perpendicular to the oscillating charge while along
the parallel direction is 0

The magnitude of E and B in the radiation field
decrease with distance as 1/r

The energy carried by the EM wave Is proportional to
the square of the amplitude, E2 or B2

— So the intensity of wave decreases as 1/r2
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Properties of Radiation Fields

The electric and magnetic fields at any point are
perpendicular to each other and to the direction of
motion

The fields alternate in direction

— The field strengths vary from maximum in one direction,
to 0 and to maximum in the opposite direction

The electric and magnetic fields are in phase

Very far from the antenna, the field lines are pretty
flat over a reasonably large area

— Called plane waves
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EM Waves

* |f the voltage of the source varies sinusoidally, the field
strengths qf: the radiation field vary sinusoidally

B
Do
_m. of motion

of wave

« We call these waves EM waves -
« They are transverse waves

« EM waves are always waves of fields
— Since these are fields, they can propagate through an empty space

* In general accelerating electric charges give rise to
electromagnetic waves

* This prediction from Maxwell's equations was experimentally
proven by Heinrich Hertz through the discovery of radio waves
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EM Waves and Their Speeds

 Let’s consider a region of free space. What's a free
space?
— An area of space where there Is no charges or conduction
currents

— In other words, far from emf sources so that the wave fronts
are essentially flat or not distorted over a reasonable area

— What are these flat waves called?
* Plane waves
e At any instance E and B are uniform over a large plane
perpendicular to the direction of propagation

— So we can also assume that the wave is traveling in the x-
direction w/ velocity, v=vi, and that E Is paraIIeI toy axis
and B Is parallel to z axis
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Maxwell's Equations w/ Q=I=0
* In this region of free space, Q=0 and I=0, thus the
four Maxwell's equations become

~ Q
- dA ;”C' Qur=0
0
0 No Change>

. do
dl =— dtB No Change>

dd.
dt encl
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One can observe the symmetry between electricity and magnetism.

The last equation is the most important one for EM waves and their propagation!!
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EM Waves from Maxwell's Equations

* |fthe wave Is sinusoidal w/ wavelength A and
frequency £, such traveling wave can be written as

E=E, =E,sin(kx— ot)
B=B, = B, sin(kx— ot)

— Where
27T 0]
k=" @=27t [ths) fl=—=V
A i K
— What s v?

e |tis the speed of the traveling wave

— What are E, and B,?

 The amplitudes of the EM wave. Maximum values of E and B
field strengths.
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From Faraday’'s Law
« Let's apply Faraday S law %

mE-dI— dt E B

— to the rectangular loop of height Ay and width dx

* E.dl along the top and bottom of the loop is 0. Why?
— Since E is perpendicular to d£
— So the result of the integral through the loop counterclockwise

becomes fE-di = E.dx+(E+dE)-Aj+E -dx'+ E-Ay'=
=0 +(E+dE)Ay -0 —EAy =dEAy
— For the right-hand side of Faraday’s law, the magnetic flux through

the loop changes as dB
0, g5 [Ts) SEA==Gr oY
- B ———dxAy > oE B

dt dt dE dB Since E and B oe
ox ot

—— — ——— | dependonxandt
15

dx dt
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From Modified Ampere’s Law
o Let's apply Maxwell's 4™ equation ;

dd,
[ﬁB-dl = fofio —

— to the rectangular loop of length Az and width dx

» B-dl along the x-axis of the loop is 0
— Since B is perpendicular to d£
— So the result of the integral through the loop counterclockwise

becomes mg -dl =BAZ —(B + dB)AZ =—-dBAZ

— For the right-hand side of the equation is

dE
Hogy ——OXAZ |Thus ) —UBAZ = 1,6, EdXAZ
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Relationship between E, B and v
o Let’s now use the relationship from Faraday’s law % __ %

: : : _ _ OX ot
 Taking the derivatives of E and B as given their
traveling wave form, we obtain

OE 0
E, sin (kx — wt)) = KE, cos(kx — ot

OX 6x( ( “ )) ° ( )

0B 0
B, sin(kx — wt)) = —@B, cos(kx — wt

ot at( ( ) 0 C05( )

since 2= =~ 9B [weovtain » KE, COS (KX — wt) = @B, cos(kx — wt)

OX ot

) =
Thus — = — =V
B, Kk

— Since E and B are in phase, we can write E/B=v

e This Is valid at any point and time in space. What is v?
— The velocity of the wave
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Speed of EM Waves

* Let's now use the relationship from Ampere’s law Z--u =

ot
 Taking the derivatives of E and B as given their
traveling wave form, we obtain

oB 0O
&:&(B sin (kx — wt) ) = kB, cos (kx — wt)
oE O
Eza(E sin (kx — ot)) =—wE, cos (kx — wt)

0B oE
Since = = ok We obtain > kB, COWt) =&, 1y WE, COW’()
:: > By &t
Th = = Eg MV
us E, o 0o

" " = 1
- HOWGVGI', from the previous page we obtain Bo/Bo = V:goyov
1
— Thus v* = __ 1 1 —~3.00x10°
22 o \/(8.85x10—1202/ N -m?)-(47x107 T -m/A) "
e,

The speed of EM waves is the same as the speed of light. EM waves behaves like the light.




Speed of Light w/o Sinusoidal Wave Forms

Taking the time derivative on the relationship from Ampere’s

. 2 2
laws, we obtain 2B __, , 9E
oxot ot’ o
By the same token, we take position derivative on the

. . 2 2
relationship from Faraday's law 9 E__9'B

_ OX* OXot
From these, we obtain
E_1 o°E . 0°B_ 1 OB
COt° gl OX° ot eotly OX° g2y , 0°X
Since the equation for traveling wave |1s Feaaiiiw:

By correspondence, we obtain V* = S0 tl

A natural outcome of Maxwell’'s equations Is that E and B
obey the wave equation for waves traveling w/ speed v=1//e,x,

— Maxwell predicted the existence of EM waves based on this
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Light as EM Wave

 People knew some 60 years before Maxwell that light
behaves like a wave, but ...
— They did not know what kind of waves they are.
 Most importantly what is it that oscillates in light?
 Heinrich Hertz first generated and detected EM waves
experimentally in 1887 using a spark gap apparatus

— Charge was rushed back and forth in a short period of time,
generating waves with frequency about 10°Hz (these are
called radio waves)

— He detected using a loop of wire in which an emf was
produced when a changing magnetic field passed through

— These waves were later shown to travel at the speed of light
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Light as EM Wave

 The wavelengths of visible light were measured in the
first decade of the 19 century

— The visible light wave length were found to be between
4.0x10"'m (400nm) and 7.5x10-"m (750nm)
— The frequency of visible light is fA=c

 Where fand A are the frequency and the wavelength of the wave

— What is the range of visible light frequency?
— 4.0x10%*Hz to 7.5x10%4Hz

e CIis 3x10%m/s, the speed of light
« EM Waves, or EM radiation, are categorized using EM
spectrum
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Electromagnetic Spectrum

Wavelength (m)
3><104m 3m | 3><1|0—4ml 3><10—3m 3><1(l|—12

(.-jL current) I"’d.dl(_‘l {112.(:

'D WAaAves

6DH%\ Ang FM _.

1b2 104 105 108 1010 1012 1014 \J016 1018 1020
Frequency (Hz)

A=7.5x10"7"m 4.0x10-"7m

f=4x1014 7.5x 1014
Visible light

Low frequency waves, such as radio waves or microwaves can be easily
produced using electronic devices

Higher frequency waves are produced natural processes, such as emission
from atoms, molecules or nuclei

Or they can be produced from acceleration of charged particles

Infrared radiation (IR) is mainly responsible for the heating effect of the Sun

— The Sun emits visible lights, IR and UV

» The molecules of our skin resonate at infrared frequencies so IR is preferentially absorbed

and thus warm up
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Example 31 - 3

Wavelength of EM waves. Calculate the wavelength (a) of a
60-Hz EM wave, (b) of a 93.3-MHz FM radio wave and (c) of a
beam of visible red light from a laser at frequency 4.74x10*Hz.

What is the relationship between speed of light, frequency and the
wavelength? C=fA

Thus, we obtain 3 _ c
f
8
For £60Hz 1.3x100m/s e
60s™
8
For £933MHz 4= oX10°MS oo
93.3x10°s™
For f24.74x104Hz 5 _ 3x10° m/s _633x107m
474 X 1014 S_l 23
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EM Wave In the Transmission Lines
» Can EM waves travel through a wire?
— Can it not just travel through the empty space?
— Nope. It sure can travel through a wire.

« When a source of emf Is connected to a transmission
line, the electric field within the wire does not set up
immediately at all points along the line

— When two wires are separated via air, the EM wave travel
through the air at the speed of light, c.

— However, through medium w/ permittivity e and permeability
m, the speed of the EM wave is given v=1/\/eu <c

 Is this faster than ¢? | Nope! Itis slower. |
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Energy in EM Waves

Since B=E/c and € =1/ JEoMo , We can rewrite the energy
density 1

2
u:UE +UB: EEOE +

EgoﬂoE2

2

— Note that the energy density asséf:(i)ate with B field is the same as
that associate with E

— S0 each field contribute half to the total energy
By rewriting in B field only, we obtain

1 B2 1B? B2 B’
U= —EO 4+ ——= U=——-
2 &My 2 My Hy Ho
We can also rewrite to contain both E and B

“E8 _ Y pg  |y= [“oEB

Vot i Ho o

U=¢,E° =¢,ECB =
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Energy Transport

« What Is the energy the wave transport per unit time per unit
area?

— This is given by the vector S, the Poynting vector

 The unit of Sis W/m?.
 The direction of S is the direction in which the energy is transported. Which

direction is this? ,. )
— The direction the wave is moving )_ % .
o Let's consider a wave passing through an drea A

E

perpendicular to the x-axis, the axis of propagation e
— How much does the wave move in time dt?
» dx=cdt

— The energy that passes through A in time dt is the energy that
occupies the volume dV, dV =Adx = Acdt

— Since the energy density is u=¢g,E?, the total energy, dU, contained in
the volume V is _ _ 2
. =udV =g, E“ Acdt
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Energy Transport

 Thus, the energy crossing the area A per time dt is

S = id_U = gocE2
A dt
» Since E=cB and =l/ JEoMg, We can also rewrite
2
S = ¢ CE? = cB® EB
Hy o

* Since the direction of S Is along v, perpendicular to E and B,
the Poynting vector S can be written

S e

S = —( E x B)
o

— This gives the energy transported per unit area per unit time at any

Instant
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Average Energy Transport
The average energy transport in an extended period of time
since the frequency Is so high we do not detect the rapid
variation with respect to time.

If E and B are sinusoidal, g2 =gz />

Thus we can write the magnitude of the average Poynting
vector as
- 1 E.B
S = - e . — B; =
2 2 Ho 2y

— This time averaged value of S Is the intensity, defined as the average
power transferred across unit area. E, and B, are maximum values.

We can also write 5 _ EmsBrm
oy
— Where Erms and Brms are the rms values ( E, _JE?, B, ~B? )
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Example 31 -6

E and B from the Sun. Radiation from the Sun reaches the
Earth (above the atmosphere) at a rate of about 1350W/m?.
Assume that this Is a single EM wave and calculate the

maximum values of E and B.
What is given in the problem?  The average S!!

S_:%EOCE2 =— B =

Fork,, E,=,]—= 2-1350W/m" =1.01x10°V/m
£C |/(8.85x107* C*/N -m*)-(3.00x10° m/s)

E, 1.01x10°V/m
c  3x10°m/s
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