Your Comments

This material seems incredibly fascinating... and the equations looks like something out of a horror
movie. I'm excited and terrified at the same time!

This was my favorite prelecture so far this semester! Everything pretty much made sense and it
was really interesting.

For the first time all semester, I'm completely lost. | have to imagine that the important parts of
these prelecture slides was not the math/derivations, but the phenomena and relationships we
can now learn. Even if I'm a little right, can you please go over what we need to know about E-M
waves?

| have no idea what the prelecture was talking about. Could be because of my shaky
knowledge of second order DEs but could also be that | had no idea what the equations were
even supposed to be describing.

| don't understand what the bounding surface is supposed to be or what it's used for. When we
used Ampere's law before, we didn't really care about what surface we were using as long as we
had the length of the loop.

wat. help pls. where do you get these equations for EM waves from a freaking circuit. too much
theory. not enough practicality.

Holy int(B*dA), is this what this whole course was building up to? Because putting everything
together to get waves is pretty awesome.
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Physics 212

Lecture 22

DISPLACEMENT CURRENT and EM WAVES

Displacement Current Modified Ampere's Law

In the third slide, why is the current enclosed by surface 3 zero? | think

there is still current flowing in the wire.
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MAXWELL'S EQUATIONS

Gauss' Law for E Fields Gauss' Law for B Fields
i[,g,dgzm fﬁ.d}_’[:g
gﬂ
Faraday's Law Ampere's Law
§E’dfz—£j.§d&h EﬁB'd‘! :ﬂﬂfendmad‘
dt
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After Prelecture 21: Modify Ampere’s Law

Ampere's Law o Q
§’§ ’ df = ﬁf}fﬁr‘!f{f}.’?ﬁd - fug (I—I_ ID ) 80 80 A
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Displacement Current

Real Current: Charge Q passes through area A in time t:
,_dQ
dt
Displacement Current: Electric flux through area A changes in time
— d(I)E
D “0 dt

DISPLACEMENT CURRENT and EM WAVES

Faraday's Law

§i-ai =—L[5.di
dt

|

Modified Ampere's Law

Displacement Current

- dD
I,=¢, th‘

Modified Ampere's Law

i

§B-di =, u%jﬁ.ﬁu

Free space

e N
\ N\
A N
. b A o
N A : N
A%\ |

| IlISP‘lAGtiMENT ICURRENT2
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Switch S has been open a long time when at t =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
At time t;, what is the magnetic field B, at a radius r (point d) in R,
between the plates of the capacitor? —ANAN—
d
tr
=
|
R
o '*

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 at t =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 7\ od I\ L ANN\—
H R v
I, t
'R
Q) '?
Compare the magnitudes of the B fields at points ¢ and d.
A) B, < By B) B, =By C) B, > By

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

- -

. RN \\ int d-
point C: | \ point Q:
1 1

I(enclosed) =1, \ / Io(enclosed) < |
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Calculation

Switch S has been open a long time when at t =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 —\N\N—
|
> v
E| R E=Z
Q, 1 ¥ &
What is the magnitude of the electric field between the plates?
2
A) E = Q21 B)E:QlﬂR C)E:% D)E:g
R%g, o €0 r
o
E=— —_— O = Ql le E Ql
& A 7R gymR*
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Calculation

Switch S has been open a long time when at t =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 a
od| 4 E > N\NN—
T 7R &y
> v
E| R
Ql 1Y
What is the electric flux through a circle of radius r in between the plates?
r
A) D =%7ﬂ‘2 B) O, Ql 7R* C)(;[) Ql D) @, Qlﬂ
€9 €9 g,R? €9
2
L - r
(DE:EA —PCDE— Q127Z'r2 _>(DE_&_2
EyTT & R
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Calculation

Switch S has been open a long time when at t =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;. 1 —C
(D erZ Ra
od| 4 ) =T R —\N\N—
|
> v
I, - ?R 3 chE
. D~ €0
0, v dt
What is the displacement current enclosed by circle of radius r ?
R* r r? R
A lg=1,— B) I, =1,— Aly=1— D), =1,—
r R R r
- do, dQ, r? | r’
> % dt dt R® 'R’
2
— _
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Calculation

Switch S has been open a long time when at t =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
re Ra
oqd A ) ID — |1? _1\/\/\/_
i ;
E |R . / =
A §B-di=p,(1+15)
What is the magnitude of the B field at radius r ?
Mol 10 wl, R wl, T
A)B=—= BB =401 C)B=4f01 ~ D)B=f01_ "
) 2R ) 27 ) 271 r? ) 271 R?

Ampere’s Law: §I§-dz =u(1+1,)

2
—> B.27r =,uo(0+ Ill:’zj

— B:luollL

271 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

' Tea I R

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

closed
B.B,=Bg C.Ba>Bg

4 Displacement Current: Question 3 (N = 789)
60
From the
calculation we v w0
: . B £
just did: E
g 20 18.4
Ml T
- 2x R? 0 r R
0
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.

Iy

] # '

After the switch is closed, there will be a magnetic field at point A that increases as the

current in the circuit ipcreases:
A. True B. False
Displacement Current: Question 1 (N = 789)

— ﬂoll L 68.9
27 R2 2] -gw
B is proportional to | :
but 0 L N
At center, B=0!! r R : \ :
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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=t1, a
current |, flows in the circuit and the capacitor carries charge Q. |\ ——= e
What is the time dependence of the magnetic field B at a radius Ra
i —N\NN—
I between the plates of the capacitor?
Il r
Bl — lLlO 1 _2
27 R
Y Y
B B B
= =

B at fixed r is proportional to the current |
Close switch: V. =0 = I =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 I
2
0 t
&
Constant current = Q increases linearly with time Q
Therefore E increases linearly with time (E = Q/(Ag) L
0
.l.

dE/dt is not zero = Displacement current is not zero
= Bis not zero !
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We learned about waves in Physics 211

1-D Wave Equation
d*h 1 d*h
dx* v df?

Solution

_ h(x,t)=h (x—vt)+h, (x+vi)

Common Example: Harmonic Plane Wave

Variable Definitions
_ Amplitude: 4
‘ h(x,t)= Acos(kx — oot ) ‘ 5

Wave Number: f = —

Wavelength:
N /I /N .
> Angular Frequency: ) = 7
\/ \/ \ * Period: T
I /’L |

1
Frequency: f =—

velocity: v = Af =%
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Penetrates
Earth
Atmosphere?

Wavelength
(meters)

Frequency
(Hz)

Temperature

of bodies emitting
the wavelength

(K)

Electromagnetic Spectrum

THE ELECTROMAGNETIC SPECTRUM

102

103

Visible

5x106

Ultraviolet

108

10°12

ali ~a & @

Buildings

104

Humans Honey Bee

108

O —

1K

Pinpoint

1012

100K

Protozoans

1015

10,000 K

Molecules

1016

Atoms

1018

Atomic Nuclei

1020

)

10 Million K
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Faraday's Law et Modified Ampere's Law

R e Wave o P SPEED
§E-dl =—=[B-ai  E-Eer)  §B-dl =pe,—[E-di i LIMIT
dt B B(ea) dt

C

Special Relativity (1905)

H oy
e
b
1FE-
g
-

Speed of Light is Constant
B
Albert Einstei
oE. =_% %z_ ) oE. ert Einstein
6]3 (‘jf az ﬂn n at
GaEniad R s
az* gz ot

ar az ﬂ-ﬂgﬂ aI].

“How can light move at the
Wave Equation Speed of Electromagnetic Wave same velocity in any inertial
PE 0*E 1 . frame of reference? That's
azzx = H,E, 61‘; L =¢=3.00x10"m/s really trippy. ”
Ho&, Speed of Light !

see PHYS 225
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O’E, O’E, d'B d'B
‘ &2 =HE, atz ‘ EE& =ﬁo£o§?.y_

Example: A Harmonic Solution

& _ B
E =E cos(kz B mr) & &, B =£Eﬂ cos(kz — wt )
0

¥

Two Important Features

1. B isin phase with £ _

2. Bﬂ:ﬂ
C

.
I'd be lying if | said | understood even™most of this pre-lecture, but | think that part
that was the least clear to me was the slide with the two 3D-Graphs, each with a
IOOp in a diﬂ:erent plane Electricity & Magnetism Lecture 22, Slide 19



CheckPoint 2a ,-7

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

g E,=ESIN(KZ — @) et

Compare the magnitudes of the electric fields at points A and B
A. E,<Eg B.E,=Eg C.E,> Eg

Electromagnetic Waves: Question 1 (N = 785)

50
49.3

40 373

% of Students
Lad
=

[
(=]

13.4

E =E, sin (kz — at):
E depends only on 7 coordinate for constant t.

z coordinate is same for A, B, C. . . 5
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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, =Eginkz— at) =

AN\ A1\

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

A. E,<Ec (B.EAzB C.E, > E¢

Electromagnetic Waves: Question 2 (N = 784)

60

58.4

40

% of Students

[}
=

E =E, sin (kz — at):
E depends only on 7 coordinate for constant t.

z 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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