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carrying
wire
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The compass needles
are tangent to a circle
around the wire.
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The compass needles
are tangent to a circle
around the wire.
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Magnetic field lines are circles.
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Right-hand current rule:

@ Point thumb of right hand in

direction of current.
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@ Fingers curl in direction of B.
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(a) Magnetic field of a wire (b) Magnetic field of a moving
carrying a constant current charged particle
line of
motion (b)
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The magnetic field of the
short segment of current is
| S in the direction of As X r.
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Pierre-Simon Laplace (1749-1827)
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(a) By= uyl/2nr wherel = 1Aandr = L/\/Q
B, = 0and B, = 10B, - cos45°
B =-133x10"°T
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At point A, magnetic field from segment 1. . . ... plus that from segment 2 . . . ... add up to a vertical field.
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at center of ring at a point below ring at a point outside ring

(@) © = ) N 'ﬁ&»
2h\i—/41 &————41——G1
v \—/
— LS &
\ /
\ 5 7
— \\ B // e
B ¥ B




T & R 5

xX>>a

5 Mo ita®  po U
ry —>X X 27_[ x3 -

g




Rl _E A — {8

o B

B~
X 2mx3

irta® = iA

U

B FERERER — X EE
42 W55 R AIREAEASE 1 75 6

Right-hand rule for the

magnetic field produced by

a current in a loop: k
1 D' 4 /

When the fingers of your right

hand curl in the direction of /,
your right thumb points in the
direction of B.
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planar current loop

of any shape can be

approximated by a
set of rectangular
loops.
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(a) (b)

Magnetic field of current loop . . . ... resembles that of bar magnet.

(c)

Shrinking either one yields field of infinitesimally small magnetic dipole.
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7 = (IBa)(b sin¢) on the loop.

.\"‘
¢ is the angle N\ =,

between a vector
normal to the loop ...\
and the magnetic N
field.
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(a) Net force on this coil is away from north

pole of magnet. —
net F

(b) Net force on same coil is toward south
pole of magnet. —

—
net

© 2012 Pearson Education, Inc.

U=—ji-B

BEEAEA G AR P T -
EART ST - g/ ARE > IR REFEEESR U R -



WA ABARAERE S TP 2 T I8 1

—
T = UXB
N ] |
__—__ i -
WIABENLZ T HIBE R -
Magnetic moment due to the
U — ﬁ § electron’s m'hi!ul motion

&

73R ) {5 R AR e f el 2 BB 35 [ ) Q
\ @ Nucleus

B{PE$§ B@%%*ﬁ%%—{ﬁ%{%*@ o Electron



(a) (b)

Magnetic field of current loop . . . ... resembles that of bar magnet.

(c)

Shrinking either one yields field of infinitesimally small magnetic dipole.
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(a) A short solenoid
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. . so splitting magnet exposes two new poles.

In magnetized material, elementary magnets () are aligned . . .
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In magnetized material, elementary magnets (D) are aligned . . .
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. .. so splitting magnet exposes two new poles.
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The atomic magnetic moments due to
unpaired spins point in random directions.
The sample has no net magnetic moment.
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(a) Unmagnetized material: atoms oriented randomly
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Random
spin of
- | hydrogen
" | protons

Protons, the nuclei of hydrogen In the presence of a strong A brief radio signal causes As the protons realign with the
atoms in the tissue under study, magnetic field, the spins the spins to flip orientation. B field, they emit radio waves
normally have random spin become aligned with a_ that are picked up by sensitive
orientations. comnonent parallel to B. detectors.
e >
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Spin down
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Spin up
CHg group

CHg group
OH group
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(©) An electromagnet used for MRI

N

Main coil
supplies uniform
B field.

x coil varies
B field from
left to right.

2 coil varies

B field from
head to toe.

y coil varies
B field from
top to bottom.

Transceiver sends
and receives
signals that create
image.
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(b) Surface integral of magnetic field (Gauss’s law for magnetism)

%ﬁ-dfizo

closed surface

%Fz-de’;to

closed path 1

"7 closed path 2

=R



(a) Surface integral of electric field (Gauss’s law)
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(b) Surface integral of magnetic field (Gauss’s law for magnetism)

B ng'dAZO

Al

d

= w ~ SRITH TSSO © BRI AT -

7~ closed surface

(d) Line integral of magnetic field

closed path 1

closed path 2
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(d) Line integral of magnetic field
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Field line
entering surface

Same field line
leaving surface
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(b) A solenoid approximated as a stack of
parallel current loops

B WG 5 1R R AT 5 R




074703410707 0340741 0340741 0341039 347029, 34
YAYAATAAATATAT
O OOOOOOOOOO O

EERER - ESMINBL IR T GRS
B ARG 4T (L -
B WA T o i - W LIRS A -

d"‘ f " c

i
/000000000000 000oooooooDaoo s
S
s -
B - a = b
o=
e

BN 3 3 53 3 3 3 53 3 3 3 3 3 3 S S 3 3

jéﬁ-df=Bh=u0iN
B &EHIREE -

R N .



l«
™

4a

~

2a




(a) Toroid

(b) Cross section showing magnetic field and a
choice of Amperian path

Ampérian path

magnetic

field lines X X X
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Maxwell's birthplace at 14

James Clerk Maxwell (1831-1879) India Street, Edinburgh
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Marischal College, University of Aberdeen, 185660

Maxwell was laid off after Marischal merged with neighboring King’s College.
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XXV. A Dynamical Theory of the Electromagnetic Field.
(Received October 27,—Read Decomber 8, 18G4.)

PART I
INTRODUCTORY.

(1) TaE most obvious mechanical phenomenon in electrical and magnetical
experiments is the mutual action by which bodies in certain states set each
other in motion while still at a sensible distance from each other. The first
step, therefore, in reducing these phenomena into scientific form, is to ascertain
the magnitude and direction of the force acting between the bodies, and when
it is found that this force depends in a certain way upon the relative position
of the bodies and on their electric or magnetic condition, it seems at first sight
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(70) In these equations of the electromagnetic field we have assumed twenty
variable quantities, namely,

For Electromagnetic Momentum .......ccoveeeireeeieeanss E G H
R R R IV EORSILY ...occocnvreonrnrennsonmasiimmsnnsnsanss a B vy
R CR BOXCO .- ... .cccoconeoroneessnssosasssnasove 2RO B
,, Current due to true Conduction «.................... p q
» ectricDigplacement ............c.ocooevecinieresoennaan S g h
,» Total Current (including variation of displacement) p* ¢" #
» Quantity of Free Electricity ......cccoocveiveeinnnnee. e
»» Blectric Potential ......... oo LT R . v

Between these twenty quantities we have found twenty equations, viz.

Three equations of Magnetic Force ......cooveviiiiiiiiiianinn., (B)
. Electric ‘Cum@idse.............. 8 ..oo0assans ©)
. Electrongalive Blotee ............. ... unerme (D)
" Eleetric 'Elgiieigy. ............... ... 00— (E)
. Electric Resistance.......ovvvveiviiiniinniinnn. (F)
" Total “CUEREIGTE. .. ............... .. o500 (A)
One equation of Freo TICGEREIEE.. ... ..............cccc000nseraus (G)
- Continuueiie e o« - o oo siiiion < v o SR (H)

These equations are therefore sufficient to determine all the quantities which
occur in them, provided we know the conditions of the problem. In many
questions, however, only a few of the equations are required.



(65) The complete equations of electromotive force on a moving conductor
may now be written as follows:—

Lquatzons rf Klectromotive Force.

oy odi\ dF dy)
Pep(rgi~83) %~

dz dx\ dG dy
Q=“<“2ﬁ‘7217>—723“@*

- de dy\ dII dy
”-P(ﬁm clt) & &% |

(61) Expressing the electric momentum of small circuits perpendicular to
the three axes in this notation, we obtain the following

Lquations of Magnetic IForce,

_diT_d6°
s dJ dz
I
’,LB— -;I; — (IEE— AR R P P A I SR A I S o (B).
_dG _aF
Y= de ~ dy )
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path 1s a closed
.~ curve.

A& DAz b el ph 4p Sy 2 SR A e
8 38 LG B T Y B R A R L 2 R P B E - S PLRUR R E 5
BRI E B AN AR (LR #HE T AIVER -

$ B - dl = o T

]

FHE—EEARSR - HESHVEIR LR - 3B DIaz dh &R i SR Rl T Y SRR -

B HTE A —{E R |



{8 LA— PRt &R o2 57 Ay Hh i PR 25 (1 -

surface g, surface g,
I r

closed path

TG | R BB

\
za|
o

i35 SO R B RS AR AE T

)2*

Pt DAL B8 o] —{E 2R R 4 ?E/ﬁ%fﬁ— * !

ARE R —

surface Sq SRR



MR (B (VAT R R
EHEHIEEES L FGBER

A BEZEEC > SRS -
S15¢S e WA {E AR C R 22 SR i Bl T

FRIZLEEIERE » WSS R T S a8 S | Y B 2R o
{BAIREE S, > WBEHVERHE |

!

%ﬁwﬂ=mﬁximiuﬂﬁ=®

IRAEAZETEAENHEERE - FElHARVER !
BT EBRGE T eHFE R ERs - e —EE -

IR ER TR —8H | FEEL |



AT X Ry et

ddg
X = UoEo—— dt

/ (B ER  FEaEIN E—EFHYEX

fﬁ-di=u0i+x

K XFES, EARE > (BEES, ERE) -
LIEERATE  tols, + % = M%Z/ + X,
BEFE X(E pols, = X, RUEFRMAT |

S| EHVEEIREEN S, LAY /EE ?

dq d(cgA) d(EA)

dog
Uols, = to—7 dt = Ho dt = Ho€o dt

= Uo&o
s, dt

Sa

BfHEREBREA L - E TEFNNEY - gL -

S, EHVETRMIAF R S, EHVES @ ENE(LR |
BB ¢ AL g RAG T8 M (E Hh Bt g HS |

AP dd,
tols, + HoEo at |, = Polg, + HoEo—— s
1

S2



Path for
Ampere’s law

/Bulging surface

Plane




LB - EEERSR ERE |

BLJIL .

jﬂﬁ dl = poi i
D Gy

Ampere-Maxwell Equation

EEEEAEL - HE—ESER

LI °©

7 (R E 22N NSO 2 MVARL AT T E =S
N
(a) > x : — .
[

i
(b) ) -

B B B
Field due Field due Field due
to current i to current i; to current i

© 2004 Thomson - Brooks/Cole

R 1B 0 WimiE e BAAYARR | i la R ) bt ] DU AR |



Ampere-Maxwell Equation

AR E - FiERER AE DU h &R s R ey ey Rl =

&

Curl the fingers of
your right hand around
ab @ e e al ol m sl

BB B o R PARER C BV N DU i &R i SRl S BViE i SR (B |

Eu

— - dq) d — -
é B‘dl=ﬂol+[l0€0 dt —[10l+ﬂ0€0dtj E -dA
C

ERTRHT TR > B b I R B R (=) BE Y 5 R DA T E RIFRE |



& — R/ NIV EREEE A - FRMIAIE T A B g A RHIREE MRS - BexE
AV BRI [ Z A U7 1A - DABETERY T UM E - T RIBETIRAVER o (& 2L
BEEER AR DBV EAEEK | mINREIRVER » SEEEEKE - CAHIBSHER
A ANEESEE ILER - JLEIKA g EAWS - HEEFREEHINETE -
BT DAETERTE BB ARER - IS BRI A J7 (AR EEIE - AR SR BRI 5 H
BHSTAE > HESA — R RIR T T o Al RS RE -
H(EWIS RE - WEH S TSR - RIHERFTEA RS - TR ER
RE R 2D B ERVEmESG G T 2R - Bl avE - sk
IR EE Y - S RUEE NS - SRS - Bl B bV IR E A —
JUEKTHINTREY - HOB T B FOREZ E AN - EE3KH RS R -



(b)

Figure 14.1: A straight-line current / terminates at the origin. Panels (a) and (b) show two choices for an
integration surface to evaluate the Ampére-Maxwell equation in integral form.




The displacement current plays a prominent role in situations like the one shown in Figure 14.1,
where the steady current / carried by a long and straight wire abruptly terminates at a point of
charge accumulation. Subject to later confirmation, we suppose that the sole source of E(r, f) is the
time-varying charge Q(f) = It at the origin of coordinates. The integral form of Gauss’ law then gives

B0 = 29 ¢ (14.10)
dmeyr?
Our strategy to find B(r, 1) exploits the integral form of the Ampére-Maxwell law,
8E
%d( B= uO/dS J+— ds - m (14.11)

B = B(r, #) by symmetry, so we need only the direction of B to guide our choice for the Amperian
circuit C. For this purpose, we consider the problem from the Biot-Savart point of view, where the
source current is j from the wire plus j, = €9dE/dt.> The latter has zero curl and thus contributes
nothing to the Biot-Savart integral (see Section 10.1). Previous work (see Chapter 10) showed that the
magnetic field produced by a straight wire of any length has the form B = B(r, 8)é.

The just-deduced form of B suggests we choose C as a circle of radius r sin @ concentric with the
z-axis. Figure 14.1 shows two possible choices for the capping surface S for an observation point with
# < /2. Each is a portion of a sphere of radius r centered on Q. The current in the wire contributes to
(14.11) when we use S,, but not when we use S,. The displacement current contributes in both cases,
but unequally. Carrying out the line integral over C and the two surface integrals over both §; and S
gives

I(1 —cosf
0+ o) s=>5.,
B,2 inf = 14.12
6271 sin 101 + cos 6) ( )
pol — po 3 S=35.

The total magnetic field is static (so Faraday’s law does not alter our calculation of E) and independent
of the choice of S, as it must be:

wol(l —cos@)

B(r,0) =
(,6) 4mrsinf

(14.13)
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First Colored Picture By Maxwell
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Maxwell Equations, almost!

ml

n‘.ll

dd,
= Hol + Uo&o 7

ml

-
74
-
5

BRI EAANR - T B LRSS = IEEARA - N2 RAY
B (e FRIGHV AR - 1T B AV E S BURARY » ARy
Sy
=R

SR b & R RS - BB RIS Bk - KRB
NES HREH

EI}



