PHYS 1441 — Section 001
Lecture #16

Monday, July 2, 2018
Dr. Animesh Chatterjee

«  Chapter 28:Sources of Magnetic Field
- Magnetic Field Due to Straight Wire
- Magnetic Materials
- Hysteresis
. Chapter 29:EM Induction & Faraday’s Law
- Induced EMF and EM Induction
- Faraday’s Law of Induction
- Lenz's Law
- Generation of Electricity

ThLToﬁdagy]’s homework is #9, due 11pm, Thursday, July 5!!
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PHYS 1441 — Section 001
Lecture #17

Tuesday, July 3, 2018

Dr. Animesh Chatterjee
«  Chapter 29:EM Induction & Faraday’'s Law

—  Transformer

—  Mutual and Self Inductance

—  Energy Stored in Magnetic Field

—  Alternating Current and AC Circuits
»  Chapter 30: Inductance

—  Mutual and Self Inductance

—  Energy Stored in Magnetic Field

Today’s homework is #10, due 11pm, Saturday, July 7!!
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PHYS 1441 — Section 001
Lecture #18

Thursday, July 5, 2018
Dr. Animesh Chatterjee
»  Chapter 30: Inductance
- Energy Stored in Magnetic Field
- Alternating Current and AC Circuits
- AC Circuit W/ LRC

«  Chapter 31: Maxwell’s Equations
- Expansion of Ampere’s Law
- Gauss’ Law for Magnetism
- Production of EM Waves
- Light as EM Waves

Thursday, July 5, 2018 AN\ PHYS 1444-001, Summer 2018
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Announcement
Quiz #4

— Beginning of the class Thursday, July 5
— Covers CH 28.1 — what we finish Tuesday, July 3
- BYOF

Final Exam
— Inclass 10:30 — 12:30, Monday, July 9

— Comprehensive Exam: Covers CH21.1 — what we finish
Thursday, July 5 + Math refresher Appendices

- BYOF

Reading Assignments:
— Ch29.5, CH29.8, CH30.10 and CH30.11

Be sure to bring your planetarium extra credit sheet
Monday, July 9

Thursday, July 5,22018 M. PHYS 1444-001, Summer 2018
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Force Between Two Parallel Wires

We have learned that a wire carrying the electric current
produces magnetic field

Now what do you think will happen if we place two current
carrying wires next to each other? ol e

— They will exert force onto each other. Repel or attract? )
— Depending on the direction of the currents - (@)
This was first pointed out by Ampére. <2

(b)

Let's consider two long parallel conductors separatec(i) by a
distance d, carrying currents 7, and I,.

At the location of the second conductor, the magnitude of
the magnetic field produced by 7 is B Lol
' 2rd
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Force Between Two Parallel Wires

» The force F by a magnetic field B, on a wire of
length £ carrying the current 1, when the field and

the current are perpendicular to each otheris: F =1 B |

So the force per unitlength is  F* _I,B, =1, Uy 1
[ 27 d
— This force is only due to the magnetic field generated by
the wire carrying the current 1,
* There is the force exerted on the wire carrying the current I,
by the wire carrying current 7, of the same magnitude but in

opposite direction
S e f tlengthis [r=nort?
* S0 the force per unitlengthis | 775 4
» How about the direction of the force?

If the currents are in the same d|rect|on the attractlve force. If opposite, repulswe




Example 28 - 5

Suspending a wire with current. A horizontal wire carries
a current 7,=80A DC. A second parallel wire 20cm below it

Il :80A

T —

=20cm

must carry how much current 7, so that it doesn't falldue | %
to the gravity? The lower has a mass of 0.12g per meter el 27
of length.

Which direction is the gravitational force? Down to the center of the Earth

This force must be balanced by the magnetic force exerted on the wire by
the first wire. F, _mg _ F, _ Hy 11,

[ [ [  2rm d

; mg 2rd
Solving for 1, [2 = l ; =
Holy

27(9.8m/s”)-(0.12x10" kg ) - (0.20m)

(47 %107 T -m/ 4)-(804)
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Operational Definition of Ampere and Coulomb

The permeability of free space is defined to be exactly
t, =47 <107 T -m/ A
The unit of current, ampere, is defined using the definition of

the force between two wires each carrying 1A of current and
separated by 1m

F_opy LI, 4zx107T-m/A14-14

| 27 d 27 1m

— S0 1A is defined as: the current flowing each of two long parallel
conductors 1m apart, which results in a force of exactly 2x10-"N/m.

Coulomb is then defined as exactly 1C=1A's.

We do it this way since the electric current is measured more

accurately and controlled more easily than the charge.

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018 8
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Ampere’'s Law
» What is the relationship between the magnetic field
strength and the current? |5 _ #f
— Does this work in all cases?
* Nope!
« OK, then when?
* Only valid for a long straight wire
» Then what would be the more generalized
relationship between the current and the magnetic
field for any shapes of the wire?

— French scientist André Marie Ampére proposed such a
relationship soon after Oersted’s discovery

Thursday, July 5, 2018 p PHYS 1444-001, Summer 2018 9
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Ampere’'s Law
» Let's consider an arbitrary closed path

around the current as shown in the figure.
— Let’s split this path in small segments each of
A[|Ong. g xbythepath

— The sum of all the products of the length of each

segment and the component of B parallel to that
segment is equal to p, times the net current 7, that

passes through the surface enclosed by the path

— ZBHAZ — luO]encl
— In the limit Af—=20, this relation becomes

— D . 7 — Looks very similar to a law in
CJ')B dl Mol e <Ampére’s Law J

the electricity. Which law is it?

Thursday, July 5, 2018 AN\ PHYS 1444-001, Summer 2018 | Gauss’ Law 10
V& \ Dr. Jaehoon Yu




Verification of Ampére’s Law

» Let’s find the magnitude of B at a distance r
away from a long straight wire w/ current 1 (5
— This is a verification of Ampere’s Law

— We can apply Ampere’s law to a circular path of
radius r.

Hol s = CJ.)EU;: CﬁBdl = BCﬁdl: 27rB

/ /
Solving forq> B:’UO encl _ o L
Qrr 2w

1

— We just verified that Ampere’s law works in a simple case
— Experiments verified that it works for other cases too

— The importance of this formula, however, is that it provides
means to relate magnetic field to current



Verification of Ampere’'s Law

 Since Ampere’s law is valid in general, B in Ampere’s law is
not just due to the current 1.

* Bis the field at each point in space along the chosen path
due to all sources

— Including the current 7 enclosed by the path but also due to any
other sources

— How do you obtain B in the figure at any point? !
* Vector sum of the field by the two currents @

— The result of the closed path integral in Ampere’s law for
green dashed path is still y,z;. Why?

— While B in each point along the path varies, the integral @
over the closed path still comes out the same whether
there is the second wire or not. 9

Thursday, July 5, 2018 A PHYS 1444-001, Summer 2018 12
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Example 28 - 6

Field inside and outside a wire. A long straight
cylindrical wire conductor of radius R carries current 7of
uniform density in the conductor. Determine the ,
magnetic field at (a) points outside the conductor (r>R) |
and (b) points inside the conductor (r<R). Assume thatr,
the radial distance from the axis, is much less than the
length of the wire. (c) If R=2.0mm and /=60A, what is B

at r=1.0mm, r=2.0mm and r=3.0mm?

Since the wire is long, straight and symmetric, the field should be the same
at any point the same distance from the center of the wire.

Since B must be tangential to circles around the wire, let's choose a circular
path of the closed-path integral outside the wire (>R). Whatis ,,,? I, =1

So using Ampere’s law
,uolz @B'CHZ 27rB SoIvingforB> B:ﬂi

2T r

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018 13
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Example 28 — 6 cont'd

For r<R, the current inside the closed path is less than 1.

How much is it? 5 )
Tr
Iencl =1 o) =1 L
TR R

So using Ampere’s law

2
ﬂo](Lj — CﬁB'dl:Z;z'rB Solvingfor|>B:ﬂ£
R

What does this mean?

The field is 0 at r=0 and increases linearly b ot 1
as a function of the distance from the 2n R . 2z
center of the wire up to r=R then decreases |
as 1/r beyond the radius of the conductor. i

0 s P r

Thursday, July 5, 2018



Example 28 - 7

Coaxial cable. A coaxial cable is a single wire surrounded by a
cylindrical metallic braid, as shown in the figure. The two Insulating
conductors are separated by an insulator. The central wire
carries current to the other end of the cable, and the outer braid 7«7
carries the return current and is usually considered ground. '
Describe the magnetic field (a) in the space between the
conductors and (b) outside the cable.

i Solid wire

(a) The magnetic field between the conductors is the same JIn )i
as the long, straight wire case since the current in the outer B=—-—
conductor does not impact the enclosed current. 27 1

(b) Outside the cable, we can draw a similar circular path, since we
expect the field to have a circular symmetry. What is the sum of the total

current inside the closed path? | = [—-[=0.

So there is no magnetic field outside a coaxial cable. In other words, the
coaxial cable self-shields. The outer conductor also shields against an

external electric field. Cleaner signal and less noise.

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018 15
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Solenoid and Its Magnetic Field

» What is a solenoid? \ J
— A long coil of wire consisting of many loops "
— If the space between loops are wide / | )

* The field near the wires are nearly circular
* Between any two wires, the fields due to each loop cancel
» Toward the center of the solenoid, the fields add up to give @
field that can be fairly large and uniform o
— For along, densely packed loops

* The field is nearly uniform and parallel to the solenoid axe
within the entire cross section

* The field outside the solenoid is very small compared to the
field inside, except the ends
— The same number of field lines spread out to an open space

Thursday, July 5, 2018 AN\ PHYS 1444-001, Summer 2018 16
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Solenoid Magnetic Field

Now let's use Ampere’s law to determine the magnetic

field inside a very long, densely packed solenoid
@@@@@@@@@@@j;‘i;‘;g

\

SRR —
-—

' 1 o~
S D ®f® S XD ®1I’® = & Current

imto
bl e e e . . . —Aa pPaper

| ‘ |
Let's choose the path abcd, far away from the ends

- We can EonsLder four segments of tge loop for integral

- $B-di=[B-di+[ B-di+ [ B-di +] B-dl

— The field outside the solenoid is negligible. So the integral on
a2 06is 0.

— Now the field B is perpendicular to the 6c and da segments. So

these integrals become 0, also.

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018 17
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Solenoid Magnetic Field
— So the sum becomes: gSB-dl: jdé-di gy

— If the current I flows in the wire of the solenoid, the total
current enclosed by the closed path is w1

* Where 9vis the number of loops (or turns of the coil) enclosed

— Thus Ampere’s law gives us - BJ = 14, NI

— If we let n=M [ be the number of loops per unit length, the
magnitude of the magnetic field within the solenoid
becomes

B =uynl

* B depends on the number of loops per unit length, #, and the
current 1

— Does not depend on the position within the solenoid but uniform inside
it, like a bar magnet

Thursday, July 5, 2018 A\ PHYS 1444-001, Summer 2018 18
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Example 28 - 10

Toroid. Use Ampere’s law to determine the magnetic
field (a) inside and (b) outside a toroid, which is like a
solenoid bent into the shape of a circle.

(a) How do you think the magnetic field lines inside the toroid look? o?’%
Since it is a bent solenoid, it should be a circle concentric with the toroid.
If we choose path of integration one of these field lines of radius r inside
the toroid, path 1, to use the symmetry of the situation, making B the

same at all points on the path, we obtain from Ampere’s law

:IL[ON] Solving forB> B = ’UON]

So the magnetic field inside a toroid is not uniform. It is larger on the

inner edge. However, the field will be uniform if the radius is large and
the toroid is thin. The filed in this case is B = pyn 1.

(b) Outside the solenoid, the field is 0 since the net enclosed current is 0.

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018 19
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Biot-Savart Law

* Ampere’s law is useful in determining magnetic field
utilizing symmetry

» But sometimes it is useful to have another method of using
Infinitesimal current segments for B field
— Jean Baptiste Biot and Feilx Savart developed a law that a

current 7 flowing in any path can be considered as many
Infinitesimal current elements 7

— The infinitesimal magnetic field dB caused by the infinitesimal .
length d/that carries current I'is

_ q I Jdl <+
de'uO dl Xr

Biot-Savart Law

47 r2
* ris the displacement vector from the element d/to the point P
* Biot-Savart law is the magnetic equivalent to Coulomb’s law

|
| 4

0

B field in Biot-Savart law is only that by the current, nothing else.

Y A |=apaavic vipiviv n |




=O
o
A

Example 28 — 11

B due to current rin a straight wire. For the field near
a long straight wire carrying a current 1, show that the

Biot-Savarat law gives the same result as the simple
long straight wire, B=p, 7/2nR. T

What is the direction of the field B at point P?  Going into the page.
All dB at point P has the same direction based on right-hand rule.
The magnitude of B using Biot-Savart law is

oo |dl X F . .
BZCﬁdB: Z_(;ZIIOO‘ ’:’”‘ Z%J‘y_oody;nﬁ

Where dy=d/and r’=R?+y? and since y = —R cot @We obtain
2
dy =+Rcsc” 6d6 = ka6 = Rdé’z - a0
sin® @ (R/r) R

I ¢+ ' I1 ¢~ I ,z 1
Integralbecomes> B:'ULF dysing _ ph! 1 sin&dez—ﬂilcosﬁ‘ :’ULL

A dy=—o 2 4z RJo-0 47 R O 27 R

™rsd The same as the simple, long straight wire!! It works!!



Magnetic Materials - Ferromagnetism
Iron is a material that can turn into a strong magnet
— This kind of material is called ferromagnetic material

In microscopic sense, ferromagnetic materials consist of many tiny
regions called domains
— Domains are like little magnets usually smaller than 1mm in length or width

What do you think the alignment of domains are like when they are not
magnetized?

— Randomly arranged

» What if they are magnetized?

— The size of the domains aligned with the
external magnetic field direction grows while
those of the domains not aligned reduce

— This gives magnetization to the material
» How do we demagnetize a bar magnet?

— Hit the magnet hard or heat it over the Curie 4
temperature 0
Thursday, July 5, 2018 PHYS 1444-001,
K Dr. Jaeh (b)



B in Magnetic Materials

What is the magnetic field inside a solenoid?
by =ponl
— Magnetic field in a long solenoid is directly proportional to the
current.
— This is valid only if air is inside the coil

What do you think will happen to B if we have something
other than the air inside the solenoid?

— It will be increased dramatically, when the current flows

* Especially if a ferromagnetic material such as an iron is put inside, the field
could increase by several orders of magnitude

Why?
— Since the domains in the iron aligns permanently by the external
field.
— The resulting magnetic field is the sum of that due to current and
due to the iron

Thursday, July 5, 2018 AN\ PHYS 1444-001, Summer 2018 23
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B in Magnetic Materials

* |tis sometimes convenient to write the total field as the
sum of two terms
* B=B, +B,,
— B, is the field due only to the current in the wire, namely the

external field
* The field that would be present without a ferromagnetic material

— By, is the additional field due to the ferromagnetic material itself;
often By>>B,

* The total field in this case can be written by replacing
with another proportionality constant p, the magnetic
permeability of the material |B = unl

— W is a property of a magnetic material

— s not a constant but varies with the external field

Thursday, July 5, 2018 A PHYS 1444-001, Summer 2018 24
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. Hysteresis
» What is a toroid? y
— A solenoid bent into a shape

» Toroid can be used for magnetic field measurement
— Why?
— Since it does not leak magnetic field outside of itself, it fully contains
all the magnetic field created within it.

» Consider an un-magnetized iron core toroid, without any
current flowing in the wire
— What do you think will happen if the current slowly increases?
— B, increases linearly with the current.
— And B increases also but follows the curved line shown in the graph
— As B, increases, the domains become more aligned until nearly all

are aligned (point b on the graph) e b
+ The iron is said to be approaching saturation orso]
» Point b is typically at 70% of the max ool
Thursday, July 5, 2018 M. PHYS 1444-001, Summer 201 o-20f
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Hysteresis

»  What do you think will happen to B if the external field B, is reduced to
0 by decreasing the current in the coil?
— Wrong! Wrong! Wrong! They do not go to 0. Why not?
— The domains do not completely return to random alignment state

» Now if the current direction is reversed, the 1.20-B(T)
external magnetic field direction is reversed, 1.00} ¢
causing the total field B pass 0, and the ol
direction reverses to the opposite side

— If the current is reversed again, the total field B will
increase but never goes through the origin ol 040 10.80 1.20

» This kind of curve whose path does not B (107D
retrace themselves and does not go through
the origin is called the Hysteresis. f

Thursday, July 5, 2018 \ PHYS 1444-001, Summer
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Magnetically Soft Material

In a hysteresis cycle, much energy is transformed to
thermal energy. Why?

— Due to the microscopic friction between domains as they
change directions to align with the external field

The energy dissipated in the hysteresis cycle is
proportional to the area of the hysteresis loop

Ferromagnetic material with large hysteresis area is
called magnetically hard while the small ones are
called soft

— Which one do you think are preferred in electromagnets or
transformers?
« Soft. Why?

« Since the energy loss is small and much easier to switch off the
field

Then how do we demagnetize a ferromagnetic
material?

— Keep repeating the Hysteresis loop, reducing the range of B,

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018
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Induced EMF

* |t has been discovered by Oersted and company in early 19t

century that
— Magnetic field can be produced by the electric current

— Magnetic field can exert force on the electric charge

* So If you were scientists at that time, what would you

wonder?

— Yes, you are absolutely right! You would wonder if the magnetic
field can create the electric current.

— An American scientist Joseph Henry and an English scientist
Michael Faraday independently found that it was possible

* Though, Faraday was given the credit since he published his work before
Henry did
— He also did a lot of detailed studies on magnetic induction

Thursday, July 5, 2018 AN\ PHYS 1444-001, Summer 2018 28
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Electromagnetic Induction

Faraday used an apparatus below to show that magnetic
field can induce current Galvanometer

(=]
& LA Iron

+ - .
Switch m
Battery @
\/

» Despite his hope he did not see steady current induced on
the other side when the switch is thrown

« But he did see that the needle on the Galvanometer turns
strongly when the switch is initially thrown and is opened

— When the magnetic field through coil Y changes, a current flows
as if there were a source of emf

* Thus he concluded that an induced emf is produced by a

changing magnetic field =» Electromagnetic Induction

Thursday, July 5, 2018 \ PHYS 1444-001, Summer 2018 29
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Electromagnetic Induction

* Further studies on electromagnetic induction taught

— If a magnet is moved quickly into a coil of wire, a current is
induced in the wire.

— If a magnet is removed from the coil, a current is induced in the
wire in the opposite direction

— By the same token, the current can also be induced if the magnet
stays put but the coil moves toward or away from the magnet

— Current is also induced if the coil rotates.

* In other words, it does not matter whether the magnet or
the coil moves. ltis the relative motion that counts.




» S0 what do you think is the induced emf proportional to?

Magnetic Flux

— The rate of changes of the magnetic field?
* the higher the changes the higher the induction

— Not really, it rather depends on the rate of change of the magnetic

flux, Og.

— Magnetic flux is defined as (just like the electric flux)

|_(D =B A=BAcos0= B-A

* 0 is the angle between B and the area vector A whose direction |

A

perpendicular to the face of the loop based on the right-hand rule

— What kind of quantity is the magnetic flux?

« Scalar. Unit?

o T .m*> orweber

Wb =1T - m*

S

* |f the area of the loop is not simple or B is not uniform, the
magnetic flux can be written as

Thursday, July 5, 2018
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Faraday’'s Law of Induction
* In terms of magnetic flux, we can formulate Faraday’s

findings
— The emfinduced in a circuit is equal to the rate of change
of magnetic flux through the circuit
do,
dt
* [fthe circuit contains N closely wrapped loops, the
total induced emf is the sum of emf induced in each

loop A,
E=—N
dt

E= Faraday’s Law of Induction

— Why negative?
* Has got a lot to do with the direction of induced emf...

Thursday, July 5, 2018 A PHYS 1444-001, Summer 2018 32
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)
- Lenz's Law
* |tis experimentally found that
— Aninduced emf gives rise to a current whose magnetic field

opposes the original change in flux =» This is known as Lenz’s
Law

— In other words, an induced emf is always in a direction that
opposes the original change in flux that caused it.

— We can use Lenz's law to explain the following cases in the
figures

* When the magnet is moving into the coil L
— Since the external flux increases, the field inside the coil
takes the opposite direction to minimize the change and ==
causes the current to flow clockwise ye | e
* When the magnet is moving out o e
— Since the external flux decreases, the field inside the coll
takes the opposite direction to compensate the loss, T
causing the current to flow counter-clockwise ”
» Which law is Lenz's law result of? AN=
— Energy conservation. Why? /f%m?
Thursday, July 5, 2018 PHYS 1444-001, Summer 2018 o 33
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Induced EMF

* |t has been discovered by Oersted and company in early 19t

century that
— Magnetic field can be produced by the electric current

— Magnetic field can exert force on the electric charge

* So If you were scientists at that time, what would you

wonder?

— Yes, you are absolutely right! You would wonder if the magnetic
field can create the electric current.

— An American scientist Joseph Henry and an English scientist
Michael Faraday independently found that it was possible

* Though, Faraday was given the credit since he published his work before
Henry did
— He also did a lot of detailed studies on magnetic induction
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Electromagnetic Induction

Faraday used an apparatus below to show that magnetic
field can induce current Galvanometer

(=]
& LA Iron

+ - .
Switch m
Battery @
\/

» Despite his hope he did not see steady current induced on
the other side when the switch is thrown

« But he did see that the needle on the Galvanometer turns
strongly when the switch is initially thrown and is opened

— When the magnetic field through coil Y changes, a current flows
as if there were a source of emf

* Thus he concluded that an induced emf is produced by a

changing magnetic field =» Electromagnetic Induction
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Electromagnetic Induction

* Further studies on electromagnetic induction taught

— If a magnet is moved quickly into a coil of wire, a current is
induced in the wire.

— If a magnet is removed from the coil, a current is induced in the
wire in the opposite direction

— By the same token, the current can also be induced if the magnet
stays put but the coil moves toward or away from the magnet

— Current is also induced if the coil rotates.

* In other words, it does not matter whether the magnet or
the coil moves. Itis the relative motion that counts.
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— Magnetic flux is defined as (just like the electric flux)

Magnetic Flux

» S0 what do you think is the induced emf proportional to?

— The rate of changes of the magnetic field?
* the higher the changes the higher the induction

— Not really, it rather depends on the rate of change of the magnetic

~ |®,=B,A=BAcos6=B-A

0 s the angle between B and the area vector A whose direction is
perpendicular to the face of the loop based on the right-hand rule

l

— What kind of quantity is the magnetic flux?

« Scalar. Unit?

o T .m*> orweber

Wb =1T - m*

N S

» |f the area of the loop is not simple or B is not uniform, the
magnetic flux can be written as

Thursday, July 5, 2018
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Faraday’'s Law of Induction
* In terms of magnetic flux, we can formulate Faraday’s

findings
— The emfinduced in a circuit is equal to the rate of change
of magnetic flux through the circuit
do,
dt
* [fthe circuit contains N closely wrapped loops, the
total induced emf is the sum of emf induced in each

loop A,
E=—N
dt

E= Faraday’s Law of Induction

— Why negative?
* Has got a lot to do with the direction of induced emf...
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Lenz's Law

* |tis experimentally found that

— Aninduced emf gives rise to the current whose magnetic field
opposes the original change in flux =» This is known as Lenz’s Law

— In other words, an induced emf is always in the direction that
opposes the original change in flux that caused it.

— We can use Lenz's law to explain the following cases in the figures

» When the magnet is moving into the coil e
— Since the external flux increases, the field inside the coil A
takes the opposite direction to minimize the change and Je
causes the current to flow clockwise
 When the magnet is moving out \/ Njw
— Since the external flux decreases, the field inside the coll M B
takes the opposite direction to compensate the loss, @
causing the current to flow counter-clockwise
» Which law is Lenz’s law result of? I
— Energy conservation. Why? ==
N / g s
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Induction of EMF

How can we induce emf?
_et's look at the formula for the magnetic flux
b, = j?-d;{ :chosﬁdA
What do you see? What are the things that can change
with time to result in change of magnetic flux?

— Magnetic field

=
o o

— The angle 6 between the

field and the area vector
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Example 29 - 5

Pulling a coil from a magnetic field. A square coil of wire with side
5.00cm contains 100 loops and is positioned perpendicular to a
uniform 0.600-T magnetic field. It is quickly and uniformly pulled
from the field (moving perpendicular to B) to a region where B drops
abruptly to zero. Att=0, the right edge of the coil is at the edge of e
the field. It takes 0.100s for the whole coil to reach the field-free XXX XXXXXX

+—5.00 cm —
region. Find (a) the rate of change in flux through the coil, (b) the emf and the current

induced, and (c) how much energy is dissipated in the coil if its resistance is 100Q. (d) what
was the average force required?

What should be computed first? ~ The initial flux at t=0.
The fluxatt=0is @, = B-A= BA=0.600T-(5x102m) =150x10" Wb

The change of fluxis A, =0—-1.50x10"° Wb =—-1.50x10" Wb
nus the rate of change of the flux is
AD, —1.50x107 Wb
At 0.100s
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Example 29 - 5, cnt'd

Thus the total emf induced in this period is

4
£=—N— & =-100-(~1.50x 107 b/s)=1.5V

The induced current in this period is

=5 -1 50%102 4=15.0m4
R 100Q

Which direction would the induced current flow?  Clockwise
The total energy dissipated is

2
E=Pt=]2p; :(1.50>< 10—2/1) 100Q-0.100s =2.25x 1073 J

Force for each coilis ' = J] % B Force for N coilis F — NIIx B
|F| = NIB=100-(1.50x10" 4)-(4x5x 10 )- 0.6007 = 0.045N
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EMF Induced on a Moving Conductor

Another way of inducing emf is using a U shaped ° ~—{

conductor with a movable rod resting on it. 00 © \l 0

As the rod moves at a speed v, it travels wdtin ~ ©|© ©/©
time dt, changing the area of the loop by dA=/Adt. © o © ol

(outward)

Using Faraday's law, the induced emf for this loop Is i

dd, BdA Blvdt
‘8 ‘ = = 7 =Blv
dt dt

— This equation is valid as long as B, fand v are perpendicular to
each other. What do we do if not?
* Use the scalar product of vector quantities
An emf induced on a conductor moving in a magnetic field is
called a motional emf

© Vo '[@
© o |o

+
>
==

©
e

=
&{
S
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Electric Generators
» What does a generator do? /~ Axle rotated

mechanically

— Transforms mechanical energy Damn
into the electrical energy

— What does this look like? N S

* An inverse of an electric motor
which transforms electrical energy AT Slip rings
to mechanical energy I

— An electric generator is also 1 C

called a dynamo Brushes

I

» Whose law does the generator based on?
— Faraday’s law of induction
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How does an Electric Generator work?

p— Axle rotated

An electric generator consists of mechanically

— Many coils of wires wound on an armature
that can rotate by mechanical means in a
magnetic field

An emf is induced in the rotating coil

Electric current is the output of a
generator

Which direction does the output current flow when the
armature rotates counterclockwise?
— The conventional current flows outward on wire A toward the brush
— After half the revolution the wire A will be where the wire C is and the
current flow on A is reversed

Thus the current produced is alternating its direction
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How does an Electric Generator work?

Let's assume the loop is rotating in a uniform B field w/ a

constant angular velocity w. The induced emf is

_ dDy _ —i B dA——i[BACOSH]

What IS tﬁe varlable that c tanges above?

— The angle 6. What is d6/dt?

 The angular speed w.
— If we choose 6,=0, we obtain
- &= —BAi[cos wz‘] — BA® sin ot
Gt . dd
— |f the coil' contains N loops: &= —2 =
emf

— What is the shape of the output? |-
» Sinusoidal w/ the amplitude £,=NBAw /\ / |

USA frequency is 60Hz. Europeis at50Hz \/ \J

— Most the U.S. power is generated at steam plants
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Example 29 - 9

An AC generator. The armature of a 60-Hz AC generator
rotates in a 0.15-T magnetic field. If the area of the coil is

2.0x102m?, how many loops must the coil contain if the peak
output is to be ,=170V?

The maximum emf of a generator is Ey = NBAw

SolvingforN > A7 — &0
BAw
Since @ =27 f We obtain
N = %0 = L7ov = 150turns
22BAf 27-(0.15T)-(2.0x 107 m*)- (605" )
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US Electricity Sources

Annual share of total U.S. electricity generation by source (1950-2016) 1950-2016)
percent of total
60% | Sowrces of Electncity Generation
| United States - 2016
0% . 338%
40% - 2016 forecast 2 6%
natural gas (33%) ;;f
30% " coal (32%) e o
6.5%
20% nuclear (19%)
| nonhydro 19.7%
10% | renewables (8%) g B R oycre W other
hYdfO (6%) . nuclear M biomass
0% e « other (1%) "" ' & other (1%)]
1950 1960 1970 1980 1990 2000 2010 eia 2010 eia’
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US Electric E Consumption by Users

US Electric Energy Consumption by User
Community 2005-2015

4,000,000

" RS BRI BERE L

-500,000

M kWh

mSys Loss ™ Residential mCommercial ®Industrial = Transportation

US Energy Information Administration http://www.eia.gov/electricity/
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The World Energy Consumption

* |n 2013, total worldwide energy consumption was 567 EJ
(567 x 108 J=157 PWh)=>» expected >1000EJ by 2050

— Equivalent to an average energy consumption rate of 18 terawatts
(1.8 x 1013 W)

— US uses 39.1 PWh (1.38kWh/person, as of 2014)

* The potential for renewable energy
— solar energy 1600 EJ (444,000 TWh)
— wind power 600 EJ (167,000 TWh)
— geothermal energy 500 EJ (139,000 TWh),
— biomass 250 EJ (70,000 TWh)
— hydropower 50 EJ (14,000 TWh) an
— ocean energy 1 EJ (280 TWh)

— Read this paper if you want to learn more
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A DC Generator

» A DC generator is almost the same as an AC

generator except the slip rings are replaced by split-
ring commutators

0\
% : > Smooth output using
many windings
VW VLVWWWVV
! (b) t

» Qutput can be smoothed out by placing a capacitor
in parallel to the output

— More commonly done using many armature windings

(a)
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| Transformer
« What is a transformer?

— A device for increasing or decreasing an AC voltage

— A few examples?

TV sets to provide the high voltage to picture tubes, portable
electronic device converters, transformers on the pole, etc

* A transformer consists of two coils of wires known
as the primary and the secondary

— The two coils can be interwoven or linked by a laminated
soft iron core to reduce losses due to Eddy current

* Transformers are designed so |
that all magnetic flux produced —, diltn, & |
by the primary coil pass G
through the secondary s I
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changing B it produces will induce voltage of the

How does a transformer work?
» When an AC voltage is applied to the primary, the

same frequency in the secondary wire
* S0 how would we make the voltage different?

— By varying the number of loops in each coll

— From Faraday’s law, the induced emf in the secondary is
dd,

dt

— The input primary voltage is

- Vp =N,
— Since dCDch’ft is the same, we obtain

Thursda

dD

B

Vs

Ny

Vp

Np

Transformer

AEquation u

[u(mer 20

Primary

Vp

(input)

Secondary

Vs

(output)

Laminated
iron core



Transformer Equation

* The transformer equation does not work for DC current
— Since there is no change of magnetic flux!!

* If Ng>Np, the output voltage is greater than the input so

it is called a step-up transformer while Ng<N; is called
step-down transformer

* Now, it looks like energy conservation is violated since
we can get more emf from smaller ones, right?
— Wrong! Wrong! Wrong! Energy is always conserved!
— A well designed transformer can be more than 99% efficient
— The power output is the same as the input:

The output current for a step-up transformer will be lower than the
input, while it is larger for a step-down x-former than the input.

_ Vel =Vl
- ]S VP NP
Thursq ]P VS NS !‘
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Example for A Transformer

Portable radio transformer. A transformer for home use of a portable
radio reduces 120-V AC to 9.0V AC. The secondary contains 30 turns,
and the radio draws 400mA. Calculate (a) the number of turns in the
primary (b) the current in the primary and (c) the power transformed.

(a) What kind of a transformer is this? A step-down x-former

Ve, N
Since V_P = N—P We obtain N, =N, Ve _ 3()% = 400turns
S S Vi o

(b)Also fromthe  {s  Vp \We obtain

transformer equationi Ve L=, Vs 0442 _0034
| Vy 120V
(c) Thus the power transformed is

P= 1V, =(044)-(9)=3.6W
How about the input power? The same assuming 100% efficiency.
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Example 29 — 13: Power Transmission

Transmission lines. An average of 120kW of electric power is sent to
a small town from a power plant 10km away. The transmission lines
have a total resistance of 0.4Q). Calculate the power loss if the power

Is transmitted at (a) 240V and (b) 24,000V.

We cannot use P=V?/R since we do not know the voltage along the

transmission line. We, however, can use P=I<R.

P 120x10°
(a) If 120kW is sent at 240V, the total current is === =5004.

V 240
Thus the power loss due to transmission line is
P=I*R=(5004)" -(0.4Q2) =100kW :
| . P 120x10
(b) If 120kW is sent at 24,000V, the total currentis £ =7 =~
Thus the power loss due to transmission line is
P=1"R=(54)" -(0.4Q) =10

The higher the transmission voltage, the smaller the current, causing less loss of energy.
This is why power is transmitted w/ HV, as high as 170kV.

=5.04.




Electric Field due to Magnetic Flux Change

* When the electric current flows through a wire, there
IS an electric field in the wire that moves electrons

» \We saw, however, that changing magnetic flux
induces a current in the wire. What does this mean?

— There must be an electric field induced by the changing
magnetic flux.

* In other words, a changing magnetic flux produces an
electric field

* This results apply not just to wires but to any
conductor or any region in space
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Generalized Form of Faraday's Law

Recall the relationship betweben the electric field and the
potential difference ¥, = | E-di

Induced emf in a circuit is equal to the work done per
unit charge by the electric field

e=["E.di
So we obtain
. dD,
<j>E-dl=
dt

The integral is taken around a path enclosing the area
through which the magnetic flux @y is changing.
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Inductance
» Changing magnetic flux through a circuit
iInduce an emf in that circuit
* An electric current produces a magnetic field

* From these, we can deduce

— A changing current in one circuit must induce an
emf in a nearby circuit =» Mutual inductance

— Or induce an emf in itself =» Self inductance
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Mutual Inductance

If two coils of wire are placed near each other, a changing

current in one will induce an emf in the other. \g%_l\_ C}\%

What is the induced emf, €,, in coil2 proportional to?  — T

— Rate of the change of the magnetic flux passing through it W/

This flux is due to current 7, in coil 1 |
6y

If ©,, is the magnetic flux in each loop of coil2 created by e
coil1 and N, is the number of closely packed loops in coil2,
then N,®,, Is the total flux passing through coil2.

If the two colls are fixed in space, N,®d,, is proportional to the
current 7, in coll 1, N @, =M, I, -

The proportionality constant for this is called the Mutual
Inductance and defined as |u,, = N,®,,/1,].

The emf induced in coil2 due to the changing current in coil1
S v 99 _ d(N,®y) w4

€5 =y = gy — -
1 I dt dt g 60
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Mutual Inductance

* The mutual induction of coil2 with respect to coil1, M,,,
— Is a constant and does not depend on 1.

— depends only on “geometric” factors such as the size, shape, number
of turns and relative position of the two coils, and whether a
ferromagnetic material is present [ What? Does this make sense?

* The farther apart the two coils are the less flux can pass through coil, 2, so M,
will be less.

— In most cases the mutual inductance is determined experimentally

* Conversely, the changing current in coil2 will induce an emf in
coil1

dI,
° & = —M12 E
— M., is the mutual inductance of coil1 with respectd }o coil2 and I\/I12;1M21
| g =—M—= and &, =—M —
— We can put M=M,,=M,, and obtain dt dt
— Sl unit for mutual inductance is henry (H) IH=1V-s5/4=1Q"s
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Example 30 - 1

Solenoid and coil. A long thin solenoid of length /and
cross-sectional area A contains N, closely packed
turns of wire. Wrapped around it is an insulated coil of
N, turns. Assuming all the flux from coil 1 (the
solenoid) passes through coil 2, calculate the mutual
inductance.

First we need to determine the flux produced by the solenoid.
Ho N, 1,
[
Since the solenoid is closely packed, we can assume that the field lines
are perpendicular to the surface area of the coils. Thus the flux through

il 21 N, I
coll 21s O, —BA- ﬂoll Ly

What is the magnetic field inside the solenoid? g —

Thus the mutual _N, Dy N, Ny, e Uy NN,

inductance of coil 2 is My, = I, I, ] / 4

Thursday, July 5, 20 .
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Self Inductance

* The concept of inductance applies to a single isolated coil of
N turns. How does this happen?

— When a changing current passes through a coil
— A changing magnetic flux is produced inside the coil
— The changing magnetic flux in turn induces an emf in the same coill

— This emf opposes the change in flux. Whose law is this?
« Lenz's law

« What would this do?

— When the current through the coil is increasing?
* The increasing magnetic flux induces an emf that opposes the original current
* This tends to impedes its increase, trying to maintain the original current

— When the current through the coil is decreasing?

* The decreasing flux induces an emf in the same direction as the current
* This tends to increase the flux, trying to maintain the original current
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We define self-inductance, £:

Self Inductance

Since the magnetic flux @y passing through N turn
coll Is proportional to current 7in the coil, N® =L1

[ =

NO,
i

Self Inductance

The induced emf in a coll of self-inductance £ is

— g:_N

B :_L_

d d
— What s the unit for self-inductance? 11 - 1V -s/A=1Q-s
What does magnitude of £ depend on?
— Geometry and the presence of a ferromagnetic material

Self inductance can be defined for any circuit or part

of a circuit

Thursday, July 5, 2018
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So what in the world is the Inductance?

* |tis an impediment onto the electrical current due to
the existence of changing flux

« So what?

* In other words, it behaves like a resistance to the
varying current, such as AC, that causes the constant
change of flux

 But it also provides means to store energy, just like
the capacitance
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Inductor

An electrical circuit always contains some inductance but is normally
negligibly small

— If a circuit contains a coil of many turns, it could have large inductance
A coll that has significant inductance, £, is called an inductor and is

express with the symbol  _ ¥y YT

— Precision resisters are normally wire wound
« Would have both resistance and inductance

* The inductance can be minimized by winding the wire back on itself in opposite
direction to cancel magnetic flux

* This is called a “non-inductive winding”

If an inductor has negligible resistance, inductance controls the
changing current

For an AC current, the greater the inductance the less the AC current

— An inductor thus acts like a resistor to impede the flow of alternating current (not
to DC, though. Why?)

— The quality of an inductor is indicated by the term reactance or impedance
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Example 30 — 3

Solenoid inductance. (a) Determine the formula for the self inductance £

of a tightly wrapped solenoid ( a long coil) containing N turns of wire in its
length fand whose cross-sectional area is A. (b) Calculate the value of £ if

N=100, £5.0cm, A=0.30cm? and the solenoid is air filled. (c) calculate £ if
the solenoid has an iron core with pu=4000,.

What is the magnetic field inside a solenoid? B = yynl =, NI /I
The flux is, therefore, @5 =BA = ,LLON[A/ [
i i _N®, N-uNAJ/l  py N4

(b) Using the formula above I 1 /
N4 (4mx107 T m/ 4)100%(0.30 10 m?
L= = — —7.5uH
! 5.0x107°m

(c) The magnetic field with an iron core solenoid is B = tNI /I

2 4000(47 %107 T-m/ A)100%(0.30x 10~* m?
L=HNA_ ( ) : ( )=0.030H=30mH
/ 5.0%x107m

|I|U|5Udy, \JUIy J, £V 10 :\ 1O 199<~UU I, VU 11IC1 £V 1V VI
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Electric Field due to Magnetic Flux Change

* When the electric current flows through a wire, there
IS an electric field in the wire that moves electrons

» \We saw, however, that changing magnetic flux
induces a current in the wire. What does this mean?

— There must be an electric field induced by the changing
magnetic flux.

* In other words, a changing magnetic flux produces an
electric field

* This results apply not just to wires but to any
conductor or any region in space
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Generalized Form of Faraday's Law

Recall the relationship betweben the electric field and the
potential difference ¥, = | E-di

Induced emf in a circuit is equal to the work done per
unit charge by the electric field

e=["E.di
So we obtain
. dD,
<j>E-dl=
dt

The integral is taken around a path enclosing the area
through which the magnetic flux @y is changing.
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Inductance
» Changing magnetic flux through a circuit
iInduce an emf in that circuit
* An electric current produces a magnetic field

* From these, we can deduce

— A changing current in one circuit must induce an
emf in a nearby circuit =» Mutual inductance

— Or induce an emf in itself =» Self inductance
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Mutual Inductance

If two coils of wire are placed near each other, a changing

current in one will induce an emf in the other. \g%_l\_ C}\%

What is the induced emf, €,, in coil2 proportional to?  — T

— Rate of the change of the magnetic flux passing through it W/

This flux is due to current 7, in coil 1 |
6y

If ©,, is the magnetic flux in each loop of coil2 created by e
coil1 and N, is the number of closely packed loops in coil2,
then N,®,, Is the total flux passing through coil2.

If the two colls are fixed in space, N,®d,, is proportional to the
current 7, in coll 1, N @, =M, I, -

The proportionality constant for this is called the Mutual
Inductance and defined as |u,, = N,®,,/1,].

The emf induced in coil2 due to the changing current in coil1
S v 99 _ d(N,®y) w4

€5 =y = gy — -
1 I dt dt g 7
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Mutual Inductance

* The mutual induction of coil2 with respect to coil1, M,,,
— Is a constant and does not depend on 1.

— depends only on “geometric” factors such as the size, shape, number
of turns and relative position of the two coils, and whether a
ferromagnetic material is present [ What? Does this make sense?

* The farther apart the two coils are the less flux can pass through coil, 2, so M,
will be less.

— In most cases the mutual inductance is determined experimentally

* Conversely, the changing current in coil2 will induce an emf in
coil1

dI,
° & = —M12 E
— M., is the mutual inductance of coil1 with respectd }o coil2 and I\/I12;1M21
| g =—M—= and &, =—M —
— We can put M=M,,=M,, and obtain dt dt
— Sl unit for mutual inductance is henry (H) IH=1V-s5/4=1Q"s
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Example 30 - 1

Solenoid and coil. A long thin solenoid of length /and
cross-sectional area A contains N, closely packed
turns of wire. Wrapped around it is an insulated coil of
N, turns. Assuming all the flux from coil 1 (the
solenoid) passes through coil 2, calculate the mutual
inductance.

First we need to determine the flux produced by the solenoid.
Ho N, 1,
[
Since the solenoid is closely packed, we can assume that the field lines
are perpendicular to the surface area of the coils. Thus the flux through

il 21 N, I
coll 21s O, —BA- ﬂoll Ly

What is the magnetic field inside the solenoid? g —

Thus the mutual _N, Dy N, Ny, e Uy NN,

inductance of coil 2 is My, = I, I, ] / 4

Thursday, July 5, 20 .
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Self Inductance

* The concept of inductance applies to a single isolated coil of
N turns. How does this happen?

— When a changing current passes through a coil
— A changing magnetic flux is produced inside the coil
— The changing magnetic flux in turn induces an emf in the same coill

— This emf opposes the change in flux. Whose law is this?
« Lenz's law

« What would this do?

— When the current through the coil is increasing?
* The increasing magnetic flux induces an emf that opposes the original current
* This tends to impedes its increase, trying to maintain the original current

— When the current through the coil is decreasing?

* The decreasing flux induces an emf in the same direction as the current
* This tends to increase the flux, trying to maintain the original current
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We define self-inductance, £:

Self Inductance

Since the magnetic flux @y passing through N turn
coll Is proportional to current 7in the coil, N® =L1

[ =

NO,
i

Self Inductance

The induced emf in a coll of self-inductance £ is

— g:_N

B :_L_

d d
— What s the unit for self-inductance? 11 - 1V -s/A=1Q-s
What does magnitude of £ depend on?
— Geometry and the presence of a ferromagnetic material

Self inductance can be defined for any circuit or part

of a circuit
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So what in the world is the Inductance?

* |tis an impediment onto the electrical current due to
the existence of changing flux

« So what?

* In other words, it behaves like a resistance to the
varying current, such as AC, that causes the constant
change of flux

 But it also provides means to store energy, just like
the capacitance
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Self Inductance

* The concept of inductance applies to a single isolated coil of
N turns. How does this happen?

— When a changing current passes through a coil
— A changing magnetic flux is produced inside the coil
— The changing magnetic flux in turn induces an emf in the same coill

— This emf opposes the change in flux. Whose law is this?
« Lenz's law

« What would this do?

— When the current through the coil is increasing?
* The increasing magnetic flux induces an emf that opposes the original current
* This tends to impedes its increase, trying to maintain the original current

— When the current through the coil is decreasing?

* The decreasing flux induces an emf in the same direction as the current
* This tends to increase the flux, trying to maintain the original current
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We define self-inductance, £:

Self Inductance

Since the magnetic flux @y passing through N turn
coll Is proportional to current 7in the coil, N® =L1

[ =

NO,
i

Self Inductance

The induced emf in a coll of self-inductance £ is

— g:_N

B :_L_

d d
— What s the unit for self-inductance? 11 - 1V -s/A=1Q-s
What does magnitude of £ depend on?
— Geometry and the presence of a ferromagnetic material

Self inductance can be defined for any circuit or part

of a circuit
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So what in the world is the Inductance?

* |tis an impediment onto the electrical current due to
the existence of changing flux

« So what?

* In other words, it behaves like a resistance to the
varying current, such as AC, that causes the constant
change of flux

 But it also provides means to store energy, just like
the capacitance
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Inductor

An electrical circuit always contains some inductance but is normally
negligibly small

— If a circuit contains a coil of many turns, it could have large inductance
A coll that has significant inductance, £, is called an inductor and is

express with the symbol  _ ¥y YT

— Precision resisters are normally wire wound
« Would have both resistance and inductance

* The inductance can be minimized by winding the wire back on itself in opposite
direction to cancel magnetic flux

* This is called a “non-inductive winding”

If an inductor has negligible resistance, inductance controls the
changing current

For an AC current, the greater the inductance the less the AC current

— An inductor thus acts like a resistor to impede the flow of alternating current (not
to DC, though. Why?)

— The quality of an inductor is indicated by the term reactance or impedance
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Example 30 — 3

Solenoid inductance. (a) Determine the formula for the self inductance £

of a tightly wrapped solenoid ( a long coil) containing N turns of wire in its
length fand whose cross-sectional area is A. (b) Calculate the value of £ if

N=100, £5.0cm, A=0.30cm? and the solenoid is air filled. (c) calculate £ if
the solenoid has an iron core with pu=4000,.

What is the magnetic field inside a solenoid? B = yynl =, NI /I
The flux is, therefore, @5 =BA = ,LLON[A/ [
i i _N®, N-uNAJ/l  py N4

(b) Using the formula above I 1 /
N4 (4mx107 T m/ 4)100%(0.30 10 m?
L= = — —7.5uH
! 5.0x107°m

(c) The magnetic field with an iron core solenoid is B = tNI /I

2 4000(47 %107 T-m/ A)100%(0.30x 10~* m?
L=HNA_ ( ) : ( )=0.030H=30mH
/ 5.0%x107m

|I|U|5Udy, \JUIy J, £V 10 :\ 1O 199<~UU I, VU 11IC1 £V 1V Ul
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Energy Stored in the Magnetic Field

 When an inductor of inductance £ is carrying current
I'which is changing at a rate dz/dt, energy is supplied

to the Inductor at a rate

— P=l¢= ]Lﬂ
d

« \What s the wotrk needed to increase the current in an
inductor from 0 to 17

— The work, dW, done intime dtis dW = Pdt = LIdI

— Thus the total work needed to bring the current from 0 to 1

INn an Inductor IS , | Loy
W=de=j LIdl=L|~1? | =2 L7
0 2 ], 2
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Energy Stored in the Magnetic Field

* The work done to the system Is the same as the

energy stored in the inductor when it is carrying
current 1

— 1 Energy Stored in a magnetic

U=—LI"

9 field inside an inductor

— This is compared to the energy stored in a capacitor, C,
when the potential difference across it is V: ¢/ :%cw

— Just like the energy stored in a capacitor is considered to
reside in the electric field between its plates

— The energy In an inductor can be considered to be stored

in its magnetic field
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Stored Energy in terms of B

» S0 how is the stored energy written in terms of magnetic field B?
— Inductance of an ideal solenoid without a fringe effect
L=pu,N"4 / [

— The magnetic field in a solenoidis B = Ly NI / /

— Thus the energy stored in an inductor is
2
U=Lpp =14

|

2 2 1
— Thus the energy density is
U U 1B
VoAl 2 u

? 2 1 B
Bl | _15 U=-2_4i| [E
,LlON 2 Hy 2 ILI()
What is this? 1 B2 ——
Uu=—— Ity
Volume V 9) 7

— This formula is valid in any region of space
— If a ferromagnetic material is present, pu, becomes .

What volume does A(represent?

The volume inside a solenoid!!
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Example 30 - 5

Energy stored in a coaxial cable. (a) How much

energy is being stored per unit length in a coaxial cable |

whose conductors have radii r; and r, and which carry a

current 1?7 (b) Where is the energy density highest? :
(a) The total flux through (of the cable is @, = [ Brar= uoll J dr _ Kl 1

21 Y 2 7
Thus inductance per unit length for a coaxial cable is %Z ZOZ In ’;2
Thus the energy stored u_1 LI* _ NG o |
per unit length is 72 ] 4r 1

(b) Since the magnetic fieldis B = ﬂL]
27zr The energy density is highest
1 B2 where B is highest. Since B is
And the energy density is # = 5 highest close to r=r,, near the
Ho surface of the inner conductor.
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LR Circuits

» What happens when an emf is applied to an inductor?

— An inductor has some resistance, however negligible

[TA '~ So an inductor can be drawn as a circuit of separate resistance
— 1 and coil. Whatis the name this kind of circuit? | LR Circuit |

— What happens at the instance the switch is thrown to apply
emf to the circuit?
* The current starts to flow, gradually increasing from 0

* This change is opposed by the induced emf in the inductor =»
the emf at point B is higher than point C

» However there is a voltage drop at the resistance which reduces
the voltage across inductance

* Thus the current increases less rapidly

* The overall behavior of the current is a gradual increase,
reaching to the maximum current 7.,.=V,/R.
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LR Circuits .
» This can be shown w/ Kirchhoff loop rules S

— The emfs in the circuit are the battery voltage V,, and the emf e=-
£(d 77dt) in the inductor opposing the current increase

— The sum of the potential changes through the circuitis

Vo +e—IR=V, - L dl/dt — IR =0 | L Vo/R
— Where I'is the current at any instance 063 ey~
— By rearranging the terms, we obtain a differential eq. iL _
- Ldl/dt+ IR =, R
— We can integrate just as in RC circuit f al j L
L (v-m) ¢ Vo~ IR 0L
— So the solution is _Rln( 7 j:L 1:%(1_6_”1)/13:% (1—e—f/f)

— Where t=L/R

* This is the time constant t of the LR circuit and is the time required for the
current 7to reach 0.63 of the maximum

Thursday, July 5, 2018 A PHYS 1444-001, Summer 2018 87
Yy I\ Dr. Jaehoon Yu



Discharge of LR Circuits — +_,—+ s
+ |f the switch is flipped away from the battery ,Tu L

— The differential equation becomes e )

- Ldl/dt+IR=0 "
- So the integration is LE= & j ERRELY

t=0 [, /h L

— Which results in the solution K
R
- I:IOe_zt =IOe_Z/T o370 |77

— The current decays exponentially to zero with the time
constant t=L/R

— So there always is a reaction time when a system with a
coil, such as an electromagnet, is turned on or off.

— The current in LR circuit behaves almost the same as that
in RC circuit but the time constant is inversely proportional
to R in LR circuit unlike the RC circuit
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AC Circuit w/ Resistance only

What do you think will happen when an AC —MWW—

source Is connected to a resistor? :

From Kirchhoff's loop rule, we obtain ®
V—IR=0

Thus

V=I,Rsimmat=V,sinwt
— Where V, =1,R
What does this mean?

— Current is 0 when voltage is 0 and currentisinits |/ 1 \ / '
peak when voltage is in its peak. 0 !
— Current and voltage are “in phase” \/ Y ssinae
Energy is lost tvia the transformation into heat at
dhiaveragerale 5 7+~
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AC Circuit w/ Inductance only

From Kirchhoff's loop rule, we obtain

dl
V—L=—=0
Thus ar
V:Lﬂz d(losmwt)
dt dt

- Using the identity cos & =sin(0+90° )

V=wlLl,sn

— where V, =w LI,
What does this mean?

— Current and voltage are “out of phase by /2 or 90°". In other words the current
reaches its peak % cycle after the voltage

What happens to the energy?
— No energy is dissipated
— The average power is 0 at all times

— The energy is stored temporarily in the magnetic field

(@t +90" ) =V, sin(at +90°)

— Then released back to the source

Thursday, July 5, 2018
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AC Circuit w/ Inductance only

* How are the resistor and inductor different in terms of

energy?
— Inductor

— Resistor

Stores the energy temporarily in the magnetic field and
then releases it back to the emf source

Does not store energy but transforms it to thermal
energy, losing it to the environment

 How are they the same?
— They both impede the flow of charge
— For aresistance R, the peak voltage and current are related to 7, =1, R

— Similarly, for an inductor we may write |V, =1, X;
» Where X_ is the inductive reactance of the inductor | X, =@ L| | 0 when w=0.

 What do you think is the unit of the reactance? Q

* The relationship 7, = X, is not valid at a particular instance. Why not?
— Since V,, and I, do not occur at the same time

Thursday, July 5, 2018
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Example 30 - 9

Reactance of a coil. A coil has a resistance R=1.00Q and an

inductance of 0.300H. Determine the current in the coll if (a) 120
V DC is applied to it; (b) 120 V AC (rms) at 60.0Hz is applied.

s there a reactance for DC? Nope. Why not? Since X, =oL=0
So for DC power, the current is from Kirchhoff’suﬁjl% V—IR=0
Ve 120V
0 =2 = =1204
R 1.00Q2

For an AC power with /=60Hz, the reactance is
X, =woL=2rfL=27-(60.0s")-0.300H =113Q

Since the resistance can be ignored compared V.. 120V 1 064
to the reactance, the rms current is ~ = — 1.
mie X ;1130
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AC Circuit w/ Capacitance only
 What happens when a capacitor is connected to a DC

power source? |
— The capacitor quickly charges up. ‘

— There is no steady current flow in the circuit S,
» Since the capacitor prevents the flow of the DC current
» \What do you think will happen if it is connected to an
AC power source?
— The current flows continuously. Why?

— When the AC power turns on, charge begins to flow one
direction, charging up the plates

— When the direction of the power reverses, the charge flows
in the opposite direction
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AC Circuit w/ Capacitance only

* From Kirchhoff's loop rule, we obtain

y9 :
* The currgnt at any instance is dQ : ~
y / :7 =1, sin wt &
t
 The charge Q on the plate at any instance is
0 t /
Q=j dQ=| I,sinwtdt =——cos @t
0=0 t=0 o

» Thus the voltage across the capacitor is
V :2 =1, Lcoswt

C wC
— Using the identity cos@ = —sin(9—90°)
1
V=I,—sinlat—90" |=1 « _ oY
0 > ( ) Vosm(wt 90)
— Where 1,
" @C

M\ PHYS 1444-001, Summer 2018
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AC Circuit w/ Capacitance only

So the voltage is V' =V, sin(wt —-90° )
What does this mean?

— Current and voltage are “out of phase by /2 or 90°” but in this
case, the voltage reaches its peak 7 cycle after the current

What happens to the energy? bt ~ON /
— No energy is dissipated 0 f—i
— The average power is 0 at all times vo-/ W
— The energy is stored temporarily in the electric field i ot 509
— Then released back to the source

Applied volta |_ge and the current in the capacitor can be

written as (i, =1, X. 7] [ nfinite
— Where the capacitive reactance X is defined as LX c =—2|| When
— Again, this relationship is only valid for rms quantitie '
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Example 30 - 10

Capacitor reactance. \What are the peak and rms current in
the circuit in the figure if C=1.0uF and V,,.=120V?
Calculate for (a) /=60Hz, and then for (b) /=6.0x10°Hz.

P

©

The peak voltage is Vy = \EV,,mS =120V -2 =170V
The capacitance reactance is

e 27 fC 2%-(6Os_1)-1.0x10_6F

Thus the peak current is

=2.7kC)

v
[, =——= OV _ 63ma
Xe 2.7k

.
Vo 120V

[FI’I’IS o
X. 2.7kQ

The rms current is
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AC Circuit w/ LRC

The voltage across each element is

— V is in phase with the current AAAA S TITE -

— V| leads the current by 90° R L C
-V lags the current by 90°

From Kirchhoff’s loop rule ®

V=Vt +V, 4

— However since they do not reach the peak voltage at the
same time, the peak voltage of the source V, will not equal
VrotViotVeo

— The rms voltage also will not be the simple sum of the three

Let's try to find the total impedance, peak current I,
and the phase difference between I, and V.
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AC Circuit w/ LRC

The current at any instance is the same at all point in the circuit
— The currents in each elements are in phase

= Why?. o AAAA T ”_

+ Since the elements are in series

— How about the voltage?
* They are not in phase.

R L C

The current at any given time is C"‘/.'/\

[ =1, sin wt
The anaIyS|s of LRC circuit is done using the “phasor” diagram in which
arrows are drawn in an xy plane to represent the amplitude of each
voltage, just like vectors
— The lengths of the arrows represent the magnitudes of the peak voltages across
each element; Vgo=IjR, V| =loX, and Vo=loXc
— The angle of each arrow represents the phase of each voltage relative to the
current, and the arrows rotate at the angular frequency w to take into account the

time dependence.

* The projection of each arrow on y axis represents voltage across each element at any

given time
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Phasor Diagrams .

lVLOZIOXL
’ At t=05 I=O' +9(°
— Thus Vg=0, V| o=I X, Vo=IoXc -90(‘: —
¢ At t=t, ] — ]O Sin wt Y Veo=1oXc
VLVVROIOR (a)
Veo=IvXc

* Thus, the voltages (y-projectionsa)))are

Ve =Vao SIN wt

VL — VLO Sin [w't + 900)
VC — VCO sin [ZUt — 900)
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AC Circuit w/ LRC

* Since the sum of the projections of the three vectors on ¢
the y axis is equal to the projection of their sum. Q0 Vao

— The sum of the projections represents the instantaneous AV
voltage across the whole circuit which is the source voltage (V0-Veo)

— So we can use the sum of all vectors as the representation of
the peak source voltage V.

» V, forms an angle ¢ to Vr, and rotates together with the other
vectors as a function of time, V' =y sin(wt + ¢)

 We determine the total impedance Z of the circuit defined by
the relationship V. =1 Zor V,=1,Z

rms

* From Pythagorean theorem we obtain

Vo= \/VRO+ Vio =Veo) \/IR +I3 (X, - X, _1\/R X, X, ) <1z

» Thus the total impedance is Z =JR2+(XL—XC)2 =JR2+(WL‘%j
o
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* The phase anglecb‘rs/
Vo Ve 1o (X, ~Xc) (X, —Xc)

tan ¢ = =2
e or Vo I,R R
Voo IR
cosg=—2="0 :5
Ve 1,Z Z

» What is the power dissipated in the circuit?
— Which element dissipates the power?
— Only the resistor

* The average power Is p- [2 R
— Since R=Zcos¢
- Weobtain — 0)
P=1I Zcosp=1_ TV  cos¢
— The factor coso is referred as the power factor of the circuit
— Forapure resistor, cosp=1and p_; p
— For a capacitor or inductor alone ¢=-9”6153 or +90°, 50 cosp=0and p_g
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AC Circuit w/ LRC

* Since the sum of the projections of the three vectors on ¢
the y axis is equal to the projection of their sum. Q0 Vao

— The sum of the projections represents the instantaneous AV
voltage across the whole circuit which is the source voltage (V0-Veo)

— So we can use the sum of all vectors as the representation of
the peak source voltage V.

» V, forms an angle ¢ to Vr, and rotates together with the other
vectors as a function of time, V' =y sin(wt + ¢)

 We determine the total impedance Z of the circuit defined by
the relationship V. =1 Zor V,=1,Z

rms

* From Pythagorean theorem we obtain

Vo= \/VRO+ Vio =Veo) \/IR +I3 (X, - X, _1\/R X, X, ) <1z

» Thus the total impedance is Z =JR2+(XL—XC)2 =JR2+(WL‘%j
o
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* The phase anglecb‘rs/
Vo Ve 1o (X, ~Xc) (X, —Xc)

tan ¢ = =2
e or Vo I,R R
Voo IR
cosg=—2="0 :5
Ve 1,Z Z

» What is the power dissipated in the circuit?
— Which element dissipates the power?
— Only the resistor

* The average power Is p- [2 R
— Since R=Zcos¢
- Weobtain — 0)
P=1I Zcosp=1_ TV  cos¢
— The factor coso is referred as the power factor of the circuit
— Forapure resistor, cosp=1and p_; p
— For a capacitor or inductor alone ¢=-9”6153 or +90°, 50 cosp=0and p_g
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Maxwell's Equations

The development of EM theory by Oersted, Ampere and others was not
done in terms of EM fields

— The idea of fields was introduced somewhat by Faraday

Scottish physicist James C. Maxwell unified all the phenomena of
electricity and magnetism in one theory with only four equations
(Maxwell's Equations) using the concept of fields

— This theory provided the prediction of EM waves

— As important as Newton’s law since it provides dynamics of electromagnetism

— This theory is also in agreement with Einstein’s special relativity

The biggest achievement of 191 century electromagnetic theory is the
prediction and experimental verifications that the electromagnetic waves
can travel through the empty space
— What do you think this accomplishment did?
« Open a new world of communication
* |t also yielded the prediction that the light is an EM wave

Since all of Electromagnetism is contained in the four Maxwell’s
equations, this is considered as one of the greatest achievements of
human intellect
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Ampere’'s Law

* Do you remember the mathematical expression of
Oersted discovery of a magnetic field produced by an
electric current, given by Ampere?

iﬁd_j: ’uO]encl

» \We've learned that a varying magnetic field produces
an electric field

 Then can the reverse phenomena, that a changing
electric field producing a magnetic field, possible?

— If this is the case, it would demonstrate a beautiful
symmetry in nature between electricity and magnetism
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Closed

Expanding Ampere's Law 7™

» Let's consider a wire carrying current I Y Surface 1

— The current that is enclosed in the loop passes through the surface #
1in the figure

— We could imagine a different surface # 2 that shares the same
enclosed path but cuts through the wire in a different location. \What
is the current that passes through the surface?

+ Still L.

— S0 the Ampere’s law still works Subtace

» \We could then consider a capacitor being charged up or bemg
discharged.

— The current I enclosed in the loop passes through the surface #1

— However the surface #2 that shares the same closed loop do not
have any current passing through it.

* There is magnetic field present since there is current =» In other words there is
a changing electric field in between the plates

« Maxwell resolved this by adding an additional term to Ampere’s law involving
the changing electric field
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Modifying Ampere’s Law
« To determine what the extra term should be, we first

have to figure out what the electric field between the
two plates is

— The charge Q on the capacitor with capacitance C is
Q=CV
« Where V is the potential difference between the plates
— Since V=Ed

« Where E is the uniform field between the plates, and d is the
separation of the plates

— And for parallel plate capacitor C=g,A/d
— We obtain O=CV - (80 éjEdz 6 AE
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Modifying Ampere's Law

— If the charge on the plate changes with time, we can write

d dE
40 _ . 49
dt dt
— Using the relationship between the current and charge we obtain
d(AE dD
]:d_Q:gOAd_E:gO ( ):go £
dt dt dt dt

» Where ®g=EA is the electric flux through the surface between the plates

— So in order to make Ampere’s law work for the surface 2 in the
figure, we must write it in the following for

el d(I) \“ Extra term
@B dl - ,UOI encl T ;uo dI J by Maxwell

— This equation represents the gene_T form of Ampere’s law

* This means that a magnetic field can be caused not only by an ordinary
electric current but also by a changing electric flux
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Example 31 - 1

Charging capacitor. A 30-pF air-gap capacitor has circular plates of area A=100cm?. It
Is charged by a 70-V battery through a 2.0-Q resistor. At the instance the battery is
connected, the electric field between the plates is changing most rapidly. At this instance,
calculate (a) the current into the plates, and (b) the rate of change of electric field
between the plates. (c) Determine the magnetic field induced between the plates.
Assume E is uniform between the plates at any instant and is zero at all points beyond
the edges of the plates.

Since this is an RC circuit, the charge on the platesis: Q= CVo(l _ e—f/RC)
For the initial current (t=0), we differentiate the charge with respect to time.

I, _A00 N pme| Do TV 5,
dt|_, RC . R 200
The electric field is g -2 _2/4
€y o
Change ofthe 4 a4p/ar 354

=4.0x10"V/m-s

electric field is - ar 45, (8.85x10™2C*/N-m?)-(1.0x107m?)
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Example 31 - 1

(c) Determine the magnetic field induced between the plates. Assume E is uniform
between the plates at any instant and is zero at all points beyond the edges of the plates.

The magnetic field lines generated by changing electric field is
perpendicular to E and is circular due to symmetry

Whose law can we use to determine B? B. d i— e
Extended Ampere’s Law w/ I,.,=0! Cﬁ = Ho%o dr

We choose a circular path of radius r, centered at the center of the plane, foIIowmg the B.
For r<rp|ate’ the electric flux is (D —FA4 = Exr? since E is uniform throughout the plate

d (Eﬂ'l" ) dE

So from Ampere’s law, we obtain B - (2727) = &, =Ly Eg T ——

dt dt

: r dE
SolvingforB > |B = &, S For r<rjae
Since we assume E=0 for r>r,, the electric flux beyond @, = E4 = Eﬂrp,ate
the plate is fully contained inside the surface.

So from Ampere’s law, we obtain B . (2 r) _ d(EWpl“te) _ , dE
’ r)= Hyé&y dt —Hy&g T plate E

2
Solving for§ B Hobopiae dE|  Eor T ot
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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, I

» Ampere’s law then can be written as

¢§.d_j:u0(lencl +ID)

— Where

dd,
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

Iy =¢,
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Gauss’ Law for Magnetism

If there is a 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 ®g through the surface is defined as

®, = |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 -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 €, 0
encl

Sﬁﬁ-dﬁz

Gauss’ Law
for electricity

80
Similarly, we can write Gauss’ law Tor magnetism as
4}? -d Z = () Gauss’ Law for

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?

gﬁE-dX:o

— There are as many magnetic flux lines that enter the
enclosed volume as leave it

— |f 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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Maxwell's Equations
* In the absence of dielectric or magnetic materials,

the four equations developed by Maxwell are:

= 7 Qo
<_[>E-dA_ 801

Gauss’ Law for electricity

A generalized form of Coulomb’s law relating
electric field to its sources, the electric charge

Gauss’ Law for magnetism

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

Faraday’s Law

An electric field is produced by a changing magnetic field

L AD Ampere’s Law
— E
@B * dl — :uOIencl + :uOSO A magnetic field is produced by an
dt electric current or by a changing
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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 ] © ) =
— What do you think will happen when the switch is J_/ o1l
closed? X jl_
* The rod connected to the positive terminal is charged T—_
positive and the other negatively QLT-
. Thden the electric field will be generated between the two Bisou@\-
rods (@ ()

* Since there is current that flows through, the rods
generates a magnetic field around them

 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 nearby the rods

quickly but
— The stored energy in 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?

— 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

— Then the direction of the voltage reverses
 The new field lines with 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 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/r?
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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 max 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 %f the radiation field vary sinusoidally

Direction
of motion

of wave

« \We call these waves EM waves E
* 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
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
* Atany instance E and B are uniform over a large plane
perpendicular to the direction of propagation
— S0 we can also assume that the wave is traveling in the x-
direction w/ velocity, v=vi, and that E is paraIIeI to y axis
and B is parallel to z axis
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Maxwell's Equations w/ Q=1=0
* |n this region of free space, Q=0 and 1=0, thus the

four Maxwell’s equations become

@E.dzzQézcl Qenc|=0 > @E’dZ:O

$B-dA=0 NoChange§ $B-dA=0

- = dO - - dP
SﬁE‘dl:— : NoChange> C_[)E-dl:— £

dt dt

Ao,
dt

do,
dt

ig ; d_[ — JLLOIencl T :LLOgO Iencl=0 4‘>§ i d_i — lu080

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—a)t]
B=B = Bsin(kx -t

— Where
27T @
k=— @=27f [Ths) fl=—=V
A k
— What is v?
* |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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—_

E-di=

From Faraday's Law
 Let's apply Faraday’s law

dd,
dt

pe

<

— to the rectangular loop of height Ay and width dx

+ E-dI along the top and bottom of the loop is 0. Why?

— Since E is perpendicular to d£
— S0 the result of the integral through the loop counterclockwise

becomes <JSE’.d7= E-dx+ (E+dE)-Ay+E-dx+ E-Ay=
+(E+dE)Ay —0 —EAy =dEAy
— For the right-hand side of Faraday’s law, the magnetic flux through

db, d

dt

Thursday, July 5, 2018

the loop changes as
Thus
| ap [T
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From Modified Ampere’s Law

+ Let's apply Maxwell’'s 41 equation

§5-di- dd, }
= UyE :
0€0 d ;
— to the rectangular loop of length Az and width dx

+ B-dI along the x-axis of the loop is 0
— Since B is perpendicular to d£

— S0 the result of the integral through the loop counterclockwise
becomes - =
$B-di= BAz —(B+dB)Az= —dBA:

— For the right-hand side of the equation is
dE dE
J 4Py _ HoEy —dxAz |Thus ) —dBAz= pye) — dxAz

dt dt dt
_ dB dE Since E and B OB oFE
—HyE depend on x and t — =—UyEy —
dx 0 g ox 0 o
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Relationship between E, B and v
» Let's now use the relationship from Faraday’s law 2& _ _98

: : : . _ Ox ot
» Taking the derivatives of E and B as given their
traveling wave form, we obtain
O0E 0
=—(E, sin(kx — wt)) =kE, cos( kx — wt
OX 8x( k ( )) ’ ( )
0B 0
= (B, sin(kx — wt)) = —wB, cos(kx — wt
ot at( o sin ) l )
Since Z_E:_Z_B We obtain > kF, coS{hx — a)t) = wB, costkx — a)t)
X [

) L=
Thus — = — =V

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

* 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 Apmere’s law £ -, =

0
* Taking the derivatives of E and B as given their

traveling wave form, we obtain
0B 0
ox  oOx

OFE O .
Py = Py (EO sin (kx — a)t)) =—wk, cos(kx — a)t)

. OB oF .
Since =6t~ |Weobtain > {B COWt) =&, Ly OE,, cos (fax— a)t)
B ING,
El> 0 _ Soth? _ Eq LoV
E, k

— However, from the previous page we obtain £/8 =v=
- Thus v=—

(BO sin (hx — a)t)) = kB, cos (kx — o)

1

E M,V

] 1

- _ = 3.00%10° m/:
Sof [* JEH, J(s.ssxm 20N ) (4mx107 T A) A0y

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 derivzative on the2 relationship from Ampere’s
laws, we obtain 2 5 e, Z_f
By the same token, we take posftion derivative on the

' . , 2
relationship from Faraday's law 2°£__9°B

, Ox? oxot
From these, we obtain
OE_ 1 0°E . OB _ 1 &B
or'  &yply OX° O gyply OX°  5x ) 0°x

=V —

Since the equation for traveling wave is e
1 X

By correspondence, we obtain v’ = oo 1t

A natural outcome of Maxwell's equations is that E and B
obey the wave equation for waves traveling w/ speed v=1/./eu,
— 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 ... e %W

— 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
and behave exactly like the light just not visible
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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"*Hz

* cis 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 3 m 3X1.O—4m. 3><10—8m 31012 m
O waves llrawolet @
Microwaves (e.g) radar) - X-ra
60 H AM __FM
(ac current) radlo‘gfg'ﬁ. l ar phones

102 104 106 108 1010 1012 10¥% \1016 1018 1020
Frequency (Hz)

A= 550 4.0x<x10"7m

f=4x1014 . . T o114
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¢c=fA

Thus, we obtain 7 — <
f
8
For /260Hz 72310 ’1”/525><106m
60s
8
For £933MHz 4 = > X1V ”Z/Sl —3.22m
03.3x10° s~
8
For F474x10VHz -, _ 3x107mfs oo Lo
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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 € and permeability
W, the speed of the EM wave is given v=1/Jeu <c

* |s this faster than c? ‘Nope! It is slower. ‘

Thursday, July 5, 2018 AN\ PHYS 1444-001, Summer 2018 133
y & \ Dr. Jaehoon Yu



Example 31 -5
Phone call time lag. You make a telephone call from New York
to London. Estimate the time the electrical signal to travel to
reach London (a) carried on a 5000km telephone cable under
the Atlantic Ocean and (b) sent via satellite 36,000km above the
ocean. Would this cause a noticeable delay in either case?

d 5x10°
| | L l=—= =0.017
Time delay via the cable: ¢ ax10° S
2d , 7
Delay via satellite t=—>="= 2% 3.6x 180 =(0.24s
c 3.0x10

S0 in case of satellite, the delay is likely noticeable!!
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Energy in EM Waves

density

U =ug +MB

2
15()Ez+lB— l8 E> + lgo,uoE N

2 :uo 2 2 IUO

Since B=E/c and ¢ =1//e, 1, , We can rewrite the energy

2
u=¢g,k

— Note that the energy density associate 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 B 1B 32
Uu=-—g,

2 &yl 2 Hy Hy

We can also rewrite to contain both E and B

2 e LB g
u=gyE~ =g ,EcB=—2""— = —OEB
\Véo ko
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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 S is W/m2.

* The direction of S is the direction in which the energy is transported. Which
direction is this?

— The direction the wave is moving ); :
» Let's consider a wave passing through an area A | /
perpendicular to the x-axis, the axis of propagation el
— How much does the wave move in time dt?
* dx=cat

— The energy that passes through A in time dt is the energy that
occupies the volume dV, g1 = 4dx = Acdt
— Since the energy density is u=g,E?, the total energy, dU, contained in

the volume Vis 7 —ydV =- E2 Acdt
0
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Energy Transport

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

|
S =— au = g,cE’
A dt
« Since E=cB and ¢ = 1/ €0 1o, WE can also rewrite
B* EB
S =¢g,cE’ = = -
Hy Ho

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

D
S = .U_(E X B) What is the unit? W/m?
0
— 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 is
useful since sometimes we do not detect the rapid variation
with respect to time because the frequency is so high.

If E and B are sinusoidal, g2 _ E2 /2

Thus we can write the magnitude of the average Poynting
vector as " E,B,

= 1
S=—g,cE, =——B8B;

2 2y 214

— 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 canalsowrite (< _ E,,B,,
Ho
— Where E,,, and B, are the rms values (£ =z, 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!!

= 1 1 E,B
S =—¢,cE; :—iBg =
2 2wy 2

ForE,, E,= /§= 213507 /i’ =1.01x10° V/m
£0¢ \(8.85x107 C* /N -m” )-(3.00x10° m/s)

E , 3
ForBO BO:_OZI()leO V/m:337><10_6T

c 3x10° m/s
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