Electricity & Magnetism

Lecture 22

DISPLACEMENT CURRENT and EM WAVES

Displacement Current Modified Ampere's Law
dd ‘ '
ID- €, dt §B -dl = po(I'+I_D),

fé
/
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Your Comments

“You LIED about electric potential being the hardest part of the course!

Please go through everything in detail because this is a confusing ALL TRUE
prelecture and | don't understand most of it at all. We will try to
“| feel like | don't understand this well enough to even ask make clear, at
questions about it. Little bit shell-shocked right now.” least the BIG
IDEAS

“THAT WAS AWESOME!! DISCUSS ALL PLEASE!!!T “

“wave equations, this is my first time seeing them (aside from We will discuss waves
oscillators)” You will not have to solve
“B field looks like the shadow of E field, or the other way around” new diff eqns

“Do we have to know how to solve differential equations
or will the problems be limited to these specific types of
examples?”

“More concerned about the midterm.”
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What part of

§E-dr=qie,
§B-dA=0
$E-dS= -do, /| dt
$B-dS=pi+pgdd /dt

L

don’'t you understand?




And God  Said

Order online.
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http://www.zazzle.com/and_god_said_integral_form_of_maxwells_equations_tshirt-235003453841030799
http://www.zazzle.com/and_god_said_integral_form_of_maxwells_equations_tshirt-235003453841030799

What We Knew Before Prelecture 22

MAXWELL'S EQUATIONS

Gauss' Law for E Fields Gauss' Law for B Fields
§E.dZ=M §B-di=0
gf)
Faraday's Law Ampere's Law
o _
§E-dl =-—[B-di §B-di = t,] i
dt
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After Prelecture 21: Modify Ampere’s Law

Ampere's Law

§E dl = B ctset = 1”,,(1+ I, )

Q=¢,P
0  do
P¥ _e T g
dr g P
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Displacement Current

Real Current: Charge O passes through area 4 in time t:
dQ
J ==
dt
Displacement Current: Electric flux through area 4 changes in time
d®
I, =¢ £
D 0 dt

DISPLACEMENT CURRENT and EM WAVES

Faraday's Law

Displacement Current Modified Ampere's Law §E‘ . di s d Ié d;i
do 7 ot
I,= 8°_dll fB-dTS,U,(I-i-ID)

|

Modified Ampere's Law

§1§-d7=/1050%_|'£‘-d2

fog

-/:.

Free space
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Calculation

Switch S has been open a long time when at 7 = 0, it is closed. -
Capacitor C has circular plates of radius . At time 7 =7,, a current /, 5
flows in the circuit and the capacitor carries charge O,. | — —C
At time 7,, what is the magnetic field 5, at a radius 7 (point d) in AAA |
between the plates of the capacitor?
.d
Yy
v
g ;
| R
\/

O

Conceptual and Strategic Analysis
Charge O, creates electric field between the plates of C

Charge O, 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 5
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Switch S has been open a long time when at 7 = 0, it is closed. S
Capacitor C has circular plates of radius 2. Attime ¢ =17,, a current /,
flows in the circuit and the capacitor carries charge O,. | ip— <«
R,
c. od —\\N—
17 '
g f
| R
of '
Compare the magnitudes of the 5 fields at points ¢ and 4.
What is the difference?

Apply (modified) Ampere’s Law

——
- ~

) SN\ \\ .
point c: | X ‘. point d:

I(enclosed) =1, '\ ) I(enclosed) < I,
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Switch S has been open a long time when at 7 = 0, it is closed. _{_
Capacitor C has circular plates of radius 2. Attime ¢ =17,, a current /,
flows in the circuit and the capacitor carries charge O,. | ip— <«
R,
od —\\N—
v
A f
E : R E_ o
Q1 14 €
What is the magnitude of the electric field between the plates?
R’ 0
A) E= Qzl B)E=Q1 ) E== D)E=g
R’e, €, €, r
o
E=_ _>0.=Q1=Q12 —>E= le
€ A =R €,TIR
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Switch S has been open a long time when at 7 = 0, it is closed.
Capacitor C has circular plates of radius 2. Attime ¢ =17,, a current /,

flows in the circuit and the capacitor carries charge O,. | ip— —(
0 s
o E=—= ANN—
V7 TR €y
e P
E R
of ¥
What is the electric flux through a circle of radius » in between the plates?
0 0 2 T
A) P ==y B) Py = =g R C)(I)E=Q1r D) (I)E=Q1 .
€, €, g R’ g R
- o
(I)E:E'A—bq)E= leJtl”z —»CI) Ql —
JR g, R
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Switch S has been open a long time when at 7 = 0, it is closed. S
Capacitor C has circular plates of radius 2. Attime ¢ =17,, a current /,
flows in the circuit and the capacitor carries charge O,. | ip— <«
erz R,
b ==— |
od T ) ET R —\N\NN\N—
* v
I t
1 E| R I, =¢ AP,
N D 0
0 V dt
What is the displacement current enclosed by circle of radius » ?
R2 r r2 R
A I,=1— B) I, =1 — C)I,=1— D)I,=1—
D 1 r2 D 1 R D 1 Rz D 1 7
t d®, do, r’ 7’
I, =¢, = 2 1, Y
dt dt R R
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Switch S has been open a long time when at 7 = 0, it is closed. _{_
Capacitor C has circular plates of radius 2. Attime ¢ =17,, a current /,
flows in the circuit and the capacitor carries charge O,. | ip— —_C
2 R
]/' a
od I,=1— — AN
L R
A f
E R - -
0 ;1 ﬁB-d€=u0(1+ID)
/hat is the magnitude of the B field at radius  ?
Wol, u,/ u,J; R ul, r
B = B) B =21 B = 2ol D) B = 0L
AT onR ) 2nr C) 2 7’ ) 21 R*

Ampere’s Law: 951?’.01{7: wo(I + Ip)
2
r
—> BQnr) = uy (O + Ilﬁ)

Wl,

—> B = -
2w R
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Switch S has been open a long time when at 7 = 0, it is closed. _{_
Capacitor C has circular plates of radius 2. Attime ¢ =17,, a current /,
flows in the circuit and the capacitor carries charge O,. | ip— —_C
2 R
]/' a
od I,=1— — AN
L R
g f
R
o Bl ggﬁ-d{?:uoaul))
1
/hat is the magnitude of the B field at radius  ?
B — MOII r
2
2n R
Let:
: h=1A
R=1m

WhatisBatr=0.5m?
(answer on next page)
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answer

B=1x10""T
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CheckPoint 2

At time t = 0 the switch in the circmat shown below is closed. Points A and B hie mside the capacitor; A is at the 5
center and B is toward the outer edge.

ot &

After the switchis closed, there will be a magnetic field at pomt A which is proportional to the cuurent in the circut.

OTrue “

Bl 7
2nm R B
B is proportional to /
but 0 =
AtA,B=01l ) 8

1
4
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CheckPoint 4

At time t = 0 the switch in the circmat shown below is closed. Points A and B he mside the capacitor; A is at the -y
center and B is toward the outer edge.

otd &

Compare the magnitudes of the magnetic fields at pomnts A and B just after the switch is closed:

C OBa>Bg 1
From the
calculation we
i . B
just did:
oMl 7 L
21 R? : r R

1
4
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Switch S has been open a long time when at 7 = 0, it is closed. _/S_
Capacitor C has circular plates of radius . Attime7=17,, a
current /, flows in the circuit and the capacitor carries charge O,. |"—= _C
R,
What is the time dependence of the magnetic field B at a radius L—AANAN—
r between the plates of the capacitor? B - wl, v
' 2n R?
4 4
B B B
% t g o t g | t

B at fixed  is proportional to the current /

Close switch: V.= 0= /= V/R, (maximum)

I exponentially decays with time constantt =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 = O increases linearly with time

Therefore £ increases linearly with time, £ = O/(4¢g,)

dFE/dt is not zero = Displacement current is not zero
= B is not zero !

Tl
o
I
>
2 t
o
Q
0 >
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We learned about waves in Physics 140

1-D Wave Equation Solution
d*h 1 d*h
dx*> v df

Common Example: Harmonic Plane Wave

Variable Definitions

h(x,t): Acos(kx—at) s

Wave Number: k =—

Wavelength: 4
2T
' Angular Frequency: @ =—

\/ \/ \ x’ Period: T L
I l |

Frequency: f =%

Velocity: y = j,f =%

smartPhysics

—  h(xt)=h (x—vt )+ b, (x+v1)



Faraday's Law Modified Ampere's Law
. o d % ~ Planf W.n-f Solution 2 i (1 o i '
§E-dl=—— B -dA E - E(zt) §B-d] =/1080—IE-dA /
dt B - B(zt) dt

Special Relativity (1905)

Speed of Light is Constant

Albert Einstein

“How can light move at the

Wave Equation Speed of Electromagnetic Wave same veIocity in any inertial
&*E 8*E 1 frame of reference? That's
D X - — = 8 m/
AT M G T V= =¢=3.00x10 S really trippy. ”
& ot 2\ Mo, Speed of Light !

see PHYS 285
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P E PE, OB OB
?=ﬂoso'§2," [ 7=”0807 ‘

Example: A Harmonic Solution

oE @B,
E =k COS(IG - a)t) x &, B = L] E, cos(kz — et)

; ()

Two Important Features

1. B isin phase with E_

—

C
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Penetrates
Earth
Atmosphere?

Wavelength
(meters)

Frequency
(H2)

Temperature

of bodies emitting
the wavelength

(K)

THE ELECTROMAGNETIC SPECTRUM

n

Honey Bee Protozoans

s e——

1012

piim~ad & v o

Atomic Nuclei

1020

D)

10 Million K
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CheckPoint 6

6) An electromagnetic plane-wave is traveling in the +z divection. The illustration below shows this wave an some
mstant in time. Pomts A B, and (' have the same z coordinate.

Compare the magnitudes of the electiic field at pomts A and B.

QEa<Fy
O 2> Fp
Electromagnetic Waves: Question 1 (N = 21)
60 21
2 &0
.
E = EO S1n (kZ - (Dt) x 20 :
£ depends only on z coordinate for constant 7.

z coordinate is same for A, B, C. A . ¢
smartPhysics
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CheckPoint 7

An electromagnetic plane-wave is traveling in the +z direction. The illustration below shows this wave an some

mstant m time. Pomts A B, and C' have the same z coordinate.

£ E = Esin(kz — wi)

2 I‘i‘\

Compare the magnitudes of the electiic field at points A and C.

OE; <E
Electromagnetic Waves: Question 2 (N = 21)
()Ea > E, 60 s7.1
.2 40
£
@ 28
° 19
E =E, sin (kz — w?): * 20

£ depends only on z coordinate for constant +. o
z coordinate is same for A, B, C. A ¢ ¢
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Clicker Question

Consider a point (x,y,z) at time 7 when £__is
negative and has its maximum value.

At (x,y,z) at time ¢, what is By?

A) B, is positive and has its maximum value

B) B._is negative and has its maximum value
C) B, is zero

D) We do not have enough information
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