6.8  Averylong aluminum (paramagnetic!) rod
carries a uniformly distributed current | along
the +z direction. We know B will be CCW as
viewed from above. (Right?)

What about H and M inside the cylinder?

S8
A) Both are CCW %

B) Both are CW M
C)His CCW, but M is CW

D) His CW, M is CCW
E) 7?7




A very long aluminum (paramagnetic!) rod
carries a uniformly distributed current | along

the +z direction. What is the direction of the
bound volume current?

A) Jg points parallel to | < I SSM

B) Jg points anti-parallelto | ~ «— <>y
C) It's zero!
D)Other/not sure e




6.9 A verylong aluminum (paramagnetic!) rod

b carries a uniformly distributed current | along
the +z direction.
What is the direction of the bound surface

current?
A) Kg points parallel to | N
B) Kz points anti-parallel to | N
C) Other/not sure £ 4 4




Summary:
A very long aluminum (paramagnetic!) rod
carries a uniformly distributed current |

along the +z direction.
OB

J= points parallel to | 5
s P P < ' OH

Kz points anti-parallel to |

")
Total bound current vanishes, @
conservation of charge! T




6.8
What if that long rod (the wire) was made of

copper (diamagnetic!) instead. Of B, M, H,
and J_bound, which ones “flip sign”?

A) All 4 flip AT
QH B) 3 of the 4 flip S

' 3y C)2ofthe 4flip
[ [ I D) 1 of them flips
1

E) None of them flips |
-~ N

The “para” case The “dia” case




6.8
What if that long rod (the wire) was made of

copper (diamagnetic!) instead. Of B, M, H,
and J_bound, which ones “flip sign”?

8 < T>8
DM py Al 4 flip T oM
T H

QH B) 3 of the 4 flip

' 3y C)2ofthe 4flip
[ [ I D) 1 of them flips
1

E) None of them flips [ ,[ I
~

~
The “para” case The “dia” case



Inside a hollow solenoid,
B=B,=p,ynl.
What is the formula for H

inside?

AN AY

"
AN A

N NA
|




A) Still exactly B,

B) a
C) a
D) a
E)a

iside a rnolovv soleroldq,

B=B,=u,nl, ( soH=H,=nl )

If the solenoid is filled with a normal
paramagnetic material, like aluminum,
what is B inside?...

ittle more than B, et
ot more ) p—
ittle less than B, |
ot less than B,




Inside a hollow solenoid,
B=B,=u,nl, ( soH=H,=nl )
If the solenoid is filled with iron,
what is H inside?...

A)H, :
B) a little more than H, iy
C) a lot more +—0F

D) a little less than H, - S

E) a lot less than H,




BOUNDARY VALUE PROBLEMS



6.11 | have a boundary sheet, and would like
to learn about the change (or continuity!)
of H(parallel) across the boundary.

H(above)
.......................... » H / /(above)

>
s R

Am | going to need to know about

A)V xH

B)VH

c) VH

277



6.11 | have a boundary sheet, and would like
b to learn about the change (or continuity!)
of H(perp) across the boundary.

{H, (above)
..

Am | going to need to know about
A)V xH

B) VeH

c) VH

227




68 Averylongrod carries a uniformly distributed
current | along the +z direction.

Compare the B-field OUTSIDE when the rod is
a paramagnet (e.g. Al) to the B-field outside
when the rod is a diamagnet (e.g. Cu)

B outside the paramagnetic rod is ... B
A) Slightly smaller than... %

B) The same as... A
C) Slightly larger than... t ot 1

B outside the diamagnetic rod




6.10
A large chunk of paramagnetic material (y,,>0)
has a uniform field B, throughout its bulk,
and thus a uniform H,=?7?




6.10 A large chunk of paramagnetic material (y,>0)
has a uniform field B, throughout its bulk,
and thus a uniform Hy = By/u = B/ po(1+%)
We then cut out a cylindrical hole (very skinny,
very tall!)

0

Bo

N’

What is M at the center of that hole?

A)yvHo B) little more than y,,H,
C) Little less than y,,H, D) Zero

E) ?7?7? (it depends/not sure)



“OA large chunk of paramagnetic material (y,,,>0)

has a uniform field BO throughout its interior.
We cut out a cylindrical hole (very skinny, very
tall!)

0

What is B at the center of that hole?

A)B, B) more than B, C) less than B,
D) ?7?



g.lo A large chunk of paramagnetic material (y,,>0)
has a uniform field BO throughout its interior.
We cut out a wafer-like hole (very wide, very

short!)
RN
RRER

What is B at the center of that hole?

A)B, B) morethan B, C)Iless than B,
D) ??




A sphere (with a spherical cavity inside it) is made of a
material with very large positive y,,

It is placed in a region of uniform B field.
Which figure best shows the resulting B field lines?

=7 —
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Y \
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C
E) None of these can be even remotely correct



Mu-metal (75% nickel, 15% iron, plus copper and
molybdenum) acts as a sort of “magnetic shield”...
(there is no perfect “Faraday cage” effect for magnetism
- why not)

‘*/ﬁ\f
~

Y

2\ %




A superconducting ring sits above a strong
permanent magnet (N side up). If you drop the
ring, which way will current flow (as viewed from
above), and what kind of force will the ring feel?

A) CW/repulsive

B) CW/attractive

C) CCW/repulsive

D) CCW/attractive

E) No net current will flow/no net force

To think about/discuss:

Remember Lenz’ law? What does it say about this situation?
What will the resulting motion of the ring look like?

What if you dropped a magnet onto the ring, instead of
dropping the ring onto the magnet?






g.lo A large chunk of paramagnetic material (y,,>0)
has a uniform field BO throughout its interior.
We cut out a wafer-like hole (very wide, very

short!)
RN
REAR

What is B at the center of that hole?

A)B, B) morethan B, C)Iless than B,
D) ??




510 \Which of the following Is a statement
of charge conservation?

ﬂr h e ﬂr \\ e

- dl — - dA
A G =0 B) ﬂt - @
c) & o v.]
) =-[[[(v-3)dr D) =V

E) Not sure/can't remember



Consider two situations:

1) a loop (purple) moves right at velocity v(loop)
2) a magnet (blue region) moves left, at v(mag).
It [v(loop)| = [v(mag)|,

what will the ammeter read in each case?

(Call CW current positive)

Blue region = uniform (but localized!) B field

out of page o
A)l;>0,1,=0
B)I, <0,1,=0
C)ly =1,
D)1, = -1
E)I, =0, 1, =0 (special case)




7.2 i
Maxwell's equations so far...

V-E=rle V-B=0
VxE=0 VxB=mJ

The Curl(E)=0 equation let us define Voltage!
But, it's only true in statics...



" Adding in time dependence modifies the

curl(E) equation.

It's now called “Faraday’s law".

V-E=rle V:-B=0
V xE = -0B/ot VxB=mJ



Faraday’s law resolves the problem we found in
the first question today:

Now CHANGING B can also induce currents.

VxE = -0B/ot

Blue region = uniform (but localized!) B field
out of page

B®




" Adding in time dependence modifies the

curl(E) equation.

It's now called “Faraday’s law".

V-E=rle V:-B=0
V xE = -0B/ot VxB=mJ



7.2 i
Maxwell's equations so far...

V-E=rle V:-B=0
V xE = -0B/ct VxB=mJ

Using Stoke’s theorem on Faraday’s law gives...
A QDE- dA =- dF , /dt

B) (DE- dA =- !B/dt

c) QE-dl=-dF,/dt

D) OE-dl=-B/ds

E) NONE of the above is correct!



7.2 i
Maxwell's equations so far...

V-E=rle V:-B=0
V xE = -0B/ct VxB=mJ
Using Stoke’s theorem on Faraday’s law gives...

A QDE- dA =- dF , /dt
8) (E- dA =- B/d!

C) (@E - dl =- dFB [ dt We can do work with

changing B-fields!
D) QE-dl=-Bldt

E) NONE of the above is correct!



7.3 i
Look at our full set of “Maxwell’'s equations”

V-E=rle V:-B=0
V xE = -0B/ct VxB=mJ

—

What is V- (V x B)?
A) zero
B) non-zero
C) Could be either

D) Could be BOTH at the same time
E) My brain hurts!

H
i



7.3 i
Look at our full set of “Maxwell’'s equations”

V-E=rle V:-B=0
V xE = -0B/ct VxB=mJ
What is V- (V x B)?

It has to be zero (that's math)!
But that says that

0=V-(VxB)=mV-J



510 \Which of the following Is a statement
of charge conservation?

ﬂr h e ﬂr \\ e

- dl — - dA
A G =0 B) ﬂt - @
c) & o v.]
) =-[[[(v-3)dr D) =V

E) Not sure/can't remember



" Taking div(Ampere’s law) gave us:

V-J=0

But current conservation says:

or
Ot

V.j:_

Conclusion: Ampere’s law is WRONG!



7.2

V-E=r/g V:-B=0
V xE = -0B/ot VxB=mJ

How can we restore current conservation?
(without losing the “correct” features,
obtained from experiment!)

Not very “symmetric” either...

Maxwell fixed it up!



7.5 : :
Maxwell's equations:

V-E=rleg V:-B=0
VxE = -0B/ct V xB=mJ+ mecdE/ct

This last term saves the day!
NOW when we take div(Maxwell-Ampere), we get an extra term,
yielding

V-j:- or
Ot

You did this on a homework!




7.5 : :
Maxwell's equations:

V-E=rleg V:-B=0
VxE = -0B/ct V xB=mJ+ mecdE/ct

In vacuum...?



7.5

Maxwell's equations:

V-E=0
VxE= -0B/ot

In vacuum!

V:-B=0
V xB=meoJE/ct



7.5 : :
Maxwell's equations:

V-E=0 V:-B=0
VxE = -0B/ot V xB=meoJE/ct

In vacuum, what is V X (V X E)?
Vx(VxE)=V(V-E)- V’E

V x (V X E) =V x (-8B/6t) :-8(V X B) [ot

2

-V’E=- me —E
"G ot



V’E =me, iE
ot”

It's a wave equation.... With a solution

E=E """ or, if you prefer, more simply
E =FE,cos(kz- wr)x

With speed 1/ /’78%

B =B, cos(kz- wr)y



7.5

Maxwell's equations:

V-E=rleg
V x E = -0B/ct

V-B=0
VxB=mJ+ medElct



"It's of no use whatsoever |...}]

this Is just an experiment that proves
Maestro Maxwell was right - we just have
these mysterious electromagnetic waves
that we cannot see with the naked eye.
But they are there.” - Heinrich Hertz, 1888

Asked about the ramifications of his discoveries, Hertz replied,
"Nothing, | guess.”

Marconi’'s first wireless radio transmission over
large distances (~6 km over water) was in 1897.



James Clerk Maxwell
Scottish 1831-1879

| "From a long view of the history of
| mankind — seen from, say, ten

| thousand years from now — there

| can be little doubt that the most

| significant event of the 19th century
will be judged as Maxwell’ s
discovery of the laws of
electrodynamics. The American
Civil War will pale into provincial
Insignificance in comparison with
this important scientific event of
the same decade."

— R.P. Feynman



