Your Comments

Llamas, and why it is so difficult to get someone to buy me one as a pet. All | ask is that it
breathes fire. | have simple needs people. Seriously. p.s. this lecture was hard.

did not understand any of this
wTF. so over my head

| have no idea what | am doing :(

Wow! That was cool. There is so much that you learn in high school that you just take as factual

and move on. But when you can finally see it derived and shown that it is actually true...WOW!
Pretty awesome.

This was undoubtedly my favorite prelecture of the semester, its so cool!

| was doing fine until we combined ampere's modified law and faraday's
law. Also go over the magnetic and electric fields in empty space. Are

they generated from the empty space itself, or do they come from some
ambient source like stars?

its mindblowing that EO and mu0 are related to the speed of light. Can
you calculate the speed of light more accurately through measuring EO
and mu0, or by measuring it directly (with lasers, etc)?

| suspect that people’'s reactions to electric and magnetic waves that
are out of phase will be quite polarized.
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Physics 212

Lecture 22

DISPLACEMENT CURRENT and EM WAVES

Displacement Current Modified Ampere's Law
4o,
ID 80 dt > B.di’ —ﬂﬂ(I +‘ID)
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MAXWELL'S EQUATIONS

Gauss' Law for E Fields Gauss' Law for B Fields
§Er_d2:QencIm£d fﬁ_d}izﬂ
gﬂ
Faraday's Law Ampere's Law
§E'dfz—£’[.§'dﬁ §'§'d£ =ﬁfyfancfﬂsad‘
dt
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After Prelecture 21: Modify Ampere’s Law

Ampere's Law

£-2_ 9
& &A
CI)=EA=g
&y
Q=¢,d
aQ__ do_
dt °dt P
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Displacement Current

Real Current: Charge Q passes through area A in time t:
,_4Q
dt
Displacement Current: Electric flux through area A changes in time
dd,
D~ %0 dt

DISPLACEMENT CURRENT and EM WAVES

Faraday's Law

e e od e -
EFE*a’I:—E B-dA

|

Modified Ampere's Law
Lo d - -
§B.d: =i HEIE*.:M

Displacement Current

I,= ¢, de 1

0 dt

Modified Ampere's Law

§Bedl=p,(1+1,)

Y.

Y

Free space
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Switch S has been open a long time when at t =0, it is closed. -
Capacitor C has circular plates of radius R. At timet=1t,, a current |, S
flows in the circuit and the capacitor carries charge Q.. v— ——c
At time t;, what is the magnetic field B, at a radius r (point d) in R,
between the plates of the capacitor? —ANN—
d
b
>
l, t
|
1R
|
Q, '

Conceptual and Strategic Analysis
Charge Q, creates electric field between the plates of C
Charge Q, changing in time gives rise to a changing electric flux between the plates
Changing electric flux gives rise to a displacement current | in between the plates
Apply (modified) Ampere’s law using | to determine B
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Calculation

Switch S has been open a long time when att =0, it is closed. J_
Capacitor C has circular plates of radius R. Attimet =1, a current |, S
flows in the circuit and the capacitor carries charge Q.. V— —C
Ra
Ce s r od| » r —N\N—
1 1
A 4 = v
I, t
|
1R
|
Q1 '
Compare the magnitudes of the B fields at points ¢ and d.
A) BC<Bd B) BC:Bd C) BC>Bd

What is the difference?
Apply (modified) Ampere’s Law

- -~

. AN A .
point C: {' \( \‘. point d:

I(enclosed) =1, \ ! Ip(enclosed) < I
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Calculation

Switch S has been open a long time when att =0, it is closed. J_
Capacitor C has circular plates of radius R. Attimet =1, a current |, S
flows in the circuit and the capacitor carries charge Q.. V— —C
Ra
od| 4 r —AN\NN—
v
I, g t
E - | R E = g
Q, "l v &
What is the magnitude of the electric field between the plates?
2
A) E= Qzl B)E:Qli C)E:% D) E:%
& &, €0 r
o
E=— — o= Q le E Q
& A =R gy7R*
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Calculation

Switch S has been open a long time when att =0, it is closed. Js_
Capacitor C has circular plates of radius R. Attimet =1, a current |,
flows in the circuit and the capacitor carries charge Q.. V— —C
Q R
od| 4 E= > N\NN—
g 7R &y
> v
I, t
E 1R
> |
Q1 '
What is the electric flux through a circle of radius r in between the plates?
2
7wl
A) CD %ﬂr B) CD Q17Z'R2 C)(D Ql D) (DE:Ql 5
o &g &g,R* €0
= A Ql 2 Ql r2
®E:E A _>CI)E_ 27Z'|' (DE———2
EoT & R
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Calculation

Switch S has been open a long time when att =0, it is closed. J_
Capacitor C has circular plates of radius R. Attimet =1, a current |, S
flows in the circuit and the capacitor carries charge Q.. 1 —C
CD B erZ Ra
od T ; E gORz — VVV—
> v
l, t
E| R I, =¢, do.
1 v dt
Q1

What is the displacement current enclosed by circle of radius r ?

R’ r r’ R
A) ID:|1—2 B) ID:I]._ C) ID:|1_2 D)ID:|1_

r R R r

- do, dQ r? _ r’
° 7 dt  dt R®* 'R’
2
r
™ = I1—2
R
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Calculation

Switch S has been open a long time when att =0, it is closed. J_
Capacitor C has circular plates of radius R. Attimet =1, a current |, S
flows in the circuit and the capacitor carries charge Q.. V— —C
r2 R,
od A ID — |1—2 _1\/\/\/_
s R
i e
Ef R {Bdl=p,(1+15)
Q1 Y
What is the magnitude of the B field at radius r ?
Mol 1] wl, R wl T
A)B=_"= B) B=222 C)B="2L— D) B="1—
) 27R ) 27y ) 27 r° ) 27 R?
Ampere’s Law: f@-dz =u(1+1,)
r2
— BZﬂ'r :ﬂO(O‘F Ilej

— B:ILIOIIL2
27 R
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CheckPoint 1B

At time t=0 the switch in the circuit shown below is closed. Points A and B lie inside the
capacitor; A is at the center and B is toward the outer edge.

T

sl -

Compare the magnitudes of the magnetic fields at points A and B just after the switch is

closec
B. B, = By C.B, > By

Displacement Current: Question 3 (N = 731)

F 9
80
From the o
calculation we . g
just did: Z ¢
lLl I r = 20 216 17.9
_ Holy
"2z R? 0 r R °
72- A B C
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CheckPoint 1a

At time t=0 the switch in the circuit shown below is closed. Points A and B lie inside the
capacitor; A is at the center and B is toward the outer edge.

g

* # -

After the switch is closed, there will be a magnetic field at point A which is proportional to

the current in the circuit:
A. True B. False
T Displacement Current: Question 1 (N = 731)

e lLlOI]. L 69.6
272' R2 B E
B is proportional to | gm
but . L
AtA,B=01l r R - B
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Follow-Up

Switch S has been open a long time when at t =0, it is closed. _/S —_—
Capacitor C has circular plates of radius R. Attimet=t;, a
current | flows in the circuit and the capacitor carries charge Q. | y—— —_C
What is the time dependence of the magnetic field B at a radius Ra
i —\N\N—
I between the plates of the capacitor?
I r
Bl — 'LIO 1 T
27 R
Y Y
B B B
> <
0 t 0 + 0 t

B at fixed r is proportional to the current |
Close switch: V. =0 = | = V/R, (maximum)
| exponentially decays with time constant 7=R_C
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Follow-Up 2

Suppose you were able to charge a capacitor with constant
current (does not change in time).

Does a B field exist in between the plates of the capacitor?

A) YES B) NO

Constant current = Q increases linearly with time

Therefore E increases linearly with time (E = Q/(As,)

dE/dt is not zero = Displacement current is not zero
= Bis not zero !

i
I

0 ' >
Y
Q

0 3 =
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We learned about waves in Physics 211

1-D Wave Equation Solution
dh 1 d%h
d v dr

e h(x,t)=h, (x—vt )+h, (x +vt)

Common Example: Harmonic Plane Wave

Variable Definitions

‘ h(xj): Acgs(kx_at) ‘ Amplitude: 4 .

Wave Number: f =—

Wavelength: 4

\ /m /\ Angular F el
\ x" ngular Frequency: = =
\/ \_/ Period: T
I /’l’ I

1
Frequency: f =—

T
Velocity: v =Af =%
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Electromagnetic Spectrum

Penetrates
Earth
Atmosphere?

Wavelength
(meters)

Frequency
(Hz)

Temperature

of bodies emitting
the wavelength
(K)

THE ELECTROMAGNETIC SPECTRUM

[y T '

Radio Microwave. Infrared Visible Ultraviolet X-ray Gamma Ray
10-10

10°12

atli~a &

102 105 5x10%

Buildings Humans HoneyBee Pinpoint Protozoans Molecules Atoms  Atomic Nuclei
104 108 1012 1015 1016 1018 1020
O—— — )
1K 100K 10,000K 10 Million K
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Faraday's Law Modified Ampere's Law

Plane Wave Solution
EEE-dF:—ijé.dz ) @ﬂi’:gﬂ aiféﬁdﬁ / SLFI’IEIII-:TD
dt 5> Bea) dt | C
1L

Special Relativity (1905)

Speed of Light is Constant

Albert Einstein
ok
= _ﬂl'.l EI’J

ct
£ aEE"
J"‘J-l'.l o 81‘,'1

“How can light move at the

Wave Equation

Speed of Electromagnetic Wave

same velocity in any inertial
0*E 0*E 1 . frame of reference? That's
:,'I =#ﬂ£ﬂ ZI V= =£=300X10 MS rea” tri . ”
0z ot | Ho&,o speed of Light | y HIbPY

see PHYS 225
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2 2 2 2
oE =ﬂEaE o°B =;J£‘aB
&2 (i v arz &2 o o at?.
Example: A Harmonic Solution E, 7B
E =E CGS(I{Z — .«:ut) & d, B, = k E, cos(kz—et)
w

Two Important Features

1. By is in phase with £ _
E,

2. Bﬂ:

C
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CheckPoint 2a ,%;"

An electromagnetic plane-wave is traveling in the +z direction. The illustration below shows |
this wave at some instant in time. Points A, B and C have the same z coordinate.

C

p E,=EgSIN(KZ — ait) et

Compare the magnitudes of the electric fields at points A and B

A. E,<Eg CB.EA:® C.E, > Eg

Electromagnetic Waves: Question 1 (N = 728)

50

40 3

% of Students

13.9

E =E, sin (kz — wt):
E depends only on z coordinate for constant .
7 coordinate is same for A, B, C.
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CheckPoint 2b

An electromagnetic plane-wave is traveling in the +z direction. The illustration below shows
this wave at some instant in time. Points A, B and C have the same z coordinate.

£ E, = Eysin(kz — at) e

AN\ A1\

Compare the magnitudes of the electric fields at points A and C

A. E,<Eg G.EA:B C.E, > E.

Electromagnetic Waves: Question 2 (N = 727)

60

s
=

22.1 o

% of Students

]
=

E =E, sin (kz — wt):
E depends only on 7 coordinate for constant t. 0
7 coordinate is same for A, B, C.
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Clicker Question

Consider a point (x,y,z) at time t when E, is
negative and has its maximum value.

At (x,y,z) at time t, what is B;

A) B, is positive and has its maximum value
B) B;, is negative and has its maximum value
C) Byiszero

D) We do not have enough information
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