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GRAVITATIONAL - ELECTRIC FIELDS

Mass m Charge g ()

Create: §=-G—1 E=k 93 FIELD

Feel: Fg = mg FE — qE

Also saw... FORCE

Create:

Feel:




ELECTRIC FIELD VECTORS

FIGURE 26.26 Charge ¢ is a probe of the
electric field

(a) 7 -
P Charge g is being used as a probe
ong charge. The force on g tells us that
there's an electric field at point 1.
P
Point 1
—
= QTE _ Fro
A P>
“ Point 2
Now \.'h:xl‘:'&' g is placed at point 2 E’ =
There’s also an electric field here
that differs from the field at point 1.
(b) ’_.-—l-l‘li\ i\ Ih\' k'.\'\'ll i\'
~ field vector at [\Uil‘l I
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2 FIGURE 26.30 The electric field of a
4‘71”'80 r negative point charge.
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ELECTRIC FIELD LINES

) T A qin rc . . . . —
Gauss’s law #E *dA = . TACTICS prawing and using electric field lines (MP)
O Electric field lines are continuous curves drawn tangent to
the electric field vectors. Conversely, the electric field ="
vector at any point is tangent to the field line at that point.

\ % | ‘/' Field vector
¥ A l A Closely spaced field lines represent a larger field strength, /
. B with longer field vectors. Widely spaced lines indicate a ... v / Field line
N\

e P o> o (=) < smaller field strength.
5"'. I " I © Electric field lines never cross.
~ Ao
v A O Electric field lines start from positive charges and end on negative charges.

FIGURE 27.10 The electric field of two
equal positive charges.
(b)

DIPOLE-

The electric K

field vectors wa”

are rang 2T nt o

the electric
field lines.




(b)

The electric

field vectors wer,

are tangent o~ ~,
the electric

—
field lines.

ELECTRIC DIPOLES

A walter molecule is a permanent dipole

because the negative electrons spend
more time with the oxygen atom.

+ 7+ E
9?
Jﬁ

=~

This dipole is induced, or stretched, by

the electric field acting on the +

charges.

FIGURE 27.8 The dipole moment.

(= The dipole moment p'is a
) vector pointing from the

q .
negative o the positive
charge with magnitude gs.

(a) T'he clectric field exerts
a torque on this dipole.
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This dipole is in equilibrium.

FIGURE 27.29 A sample of permanent
dipoles is polarized in an electric field.

The dipoles align with the electric field.
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TORQUE - CROSS VECTOR PRODUCT

FIGURE 27.30 The torque on a dipole.

The torque due to a couple
is T = [F = pEsiné. +tq

F,

| = ssinf

F e~ -1 __ -
4
In terms of vectors, 7 = j X E.
P
E——> —— [

FIGURE 12.50 The cross product A X B is
a vector perpendicular to the plane of
vectors A and B.

The cross product is perpendicular to the plane.

\ Planc of A and B

The ability of a force to cause a rotation depends on three factors:

1. The magnitude /" of the force.
2. The distance r from the point of application to the pivot.
3. The angle at which the force is applied.

To make these ideas specific, FIGURE 12.19 shows a force F applied at one point on a
rigid body. For example, a string might be pulling on the object at that point, in which
case the force would be a tension force. Figure 12.19 defines the distance r from the
pivot to the point of application and the angle ¢ (Greek phi).

FIGURE 12.19 Force F exerts a torque about the pivot point.

F exerts a torque Angle ¢ is measured
about the pivot point.  ccw from the radial line
\ !
y r ‘b /

Point
where
force is
applied

5]

Rigid body

NOTE » Angle ¢ is measured counterclockwise tfrom the dashed line that extends
outward along the radial line. This is consistent with our sign convention for the

angular position . «
d\@ .
d = o = IM =rFsing
=T=rxF dt
dt ¢»=0-->w=const
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SCALAR AND VECTOR PRODUCT

VECTOR PRODUCT C=AxB

Make a loose fist with your right hand with Imagine using a screwdriver to turn the slot

your thumb extended outward. Orient your in the head of a screw from the direction of
Scalar prod uct Of tWO Vecto rs hand so that your thumb is perpendicular to A to the direction of B. The screw will move

the plane of A and B and your fingers are either “in” or “out.” The direction in which

A and B - C:AB COoSu curling from the line of vector A toward the the screw moves is the direction of A X B.

line of vector B. Your thumb now points in
the direction of A X B.

FIGURE 12.51 The magnitude of the cross-product vector increases from 0 to AB as a
increases from 0° to 90°.

The cross product is — Length = AB
always perpendicular
to the planc of A and B
| AxXB
“a}—Length = 5AB
. AxB=0 5
_-.B a = 90°
Y o = () =
A A
The cross product is zero As e increases from The cross product is
when A and B are parallel. 0° 10 90°, the length maximum when A and

of A X B increases. B are perpendicular.



ojololo) R R X
oJololo) R X R X
ojololo) 3 (0 X %)
ojololo) X (0 X %)

OUT of page INTO page

“Arrow Head” “Arrow Tail”

Cross Product: Direction

Right Hand Rue #1:  C = AXB

1) Curl fingers of right hand
in the direction that moves A
(green vector) to B (red
vector) through the smallest
angle

2) Thumb of right hand will
point in direction of the cross

product C (orange vector)

Cross product — Right hand rule

Amplitude

Computing magnitude of cross product A x B:

c\: |A

B sin

Y
>

|C|: area of parallelogram

Cross Product: Signs
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Cross Product is Cyclic (left column)
Reversing A & B changes sign (right column)
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MAGNETISM - EXPERIMENTS

MAGNETIC PROBE - COMPASS - IS APERMANENT MAGNET

Bar Magnets Are Dipoles!

Definition of N and S poles N attracts S of &K - Create Dipole Field
’ North needle. e ‘;\3 G4 & (}) * Rotate to orient with Field

-

)

Magnetism — Bar Magnet
FORCES

F<—|S :L}I I; S |—=F

Like poles repel, opposite poles attract

Is there magnetic “mass”
@ or magnetic “charge?”

S “ > S Iil

NO! Magnetic monopoles do not exist in isolation

Magnetic Monopoles? Long range force.

Electric Dipole Magnetic Dipole Acts Only on
"&(® i [s magnetic materials.
Iron, Ni, Co

S ‘S

When cut: 2 dipoles

When cut:
2 monopoles (charges)

Magnetic monopoles do not exist in isolation
Another Maxwell’'s Equation! (2 of 4)

PE- dA = 1o pB-dA=0 g
S 80 S "\
Gauss'’s Law Magnetic Gauss’s Law \ \
P14-10 }‘l




FIGURE 26.24 Iron filings sprinkled
around the ends of a magnet suggest
that the influence of the magnet
extends into the space around it.
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Magnetic Monopoles?
Electric Dipole Magnetic Dipole

‘O@® ik
When cut: S l% Sﬂ

2 monopoles (charges) When cut: 2 dipoles

Magnetic monopoles do not exist in isolation
Another Maxwell’'s Equation! (2 of 4)

gZﬁE-dA:Z—': g‘?ﬁ-dl'&:o

Gauss’s Law Magnetic Gauss’s Law



Earth’s Magnetic Field

FIGURE 33.1 The earth is a large magnet. - -
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What creates the earth’s magnetic field ?
Field reversal — last one



Fields: Grav., Electric, Magnetic

Mass m Charge g (%) No
qg . Magnetic

Create: g =—-G 2 r E=k, r—zr Monopoles!

—

Feel: Fg = mg F, = qE

Also saw... Dipole p Dipole n

Create: —

Feel:



What Else Creates a Magnetic Field

Oersted -1819 -> Effect of an electric in a compass current in a compass -
electric current creates a magnetic field

FIGURE 33.2 Response of compass needles to a current in a straight wire.
(a) (b)
I
. — Current- L
No carrying
current wire
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South The compass needles
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around the wire
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direction your Lingers

cC
with the north pole in the

1HCic

Thumb of right hand




So what is a magnetic field ?

Nothing more than a way to visualize and calculate long range forces
on objects in the vicinity of currents or permanent magnets.

Magnetic Field Properties:

- B field created at all points in space surrounding a current or a magnet
* The B field at each point is a vector (magnitude + direction)

- B field exerts forces on magnetic poles. Force on N pole parallel to B.
Force on S pole anti-parallel to B

FIGURE 33.3 The notation for vectors and
currents perpendicular to the page.

\ Nagneiic orce O n |
(a) ® ole is parallel to the magnetic hield .
: | kT
A ! b @]
Vectors into page Current into page B " ' B /)’1 a
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-y c
® . Forces on the o
Vectors out of page Current out of page l]u‘:‘Zl‘CllC poles g
| o 2
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@ Current into page b &



Magnetic Field Lines. Why ? What ?

* Nothing more than another convenient way to visualize magnetic forces
* Imaginary lines with the following properties:

* The magnetic field is tangent to the lines

* The field lines are closer together when the amplitude is larger

(b) @ (b) l\r'lugncli_‘c field lines are circles.
@ @ Yy ——_
- \ S
~ ~ - \
® ® ® [ b \ 4
! F 1R \[@ , Y A%
— - i
@ @ ~___ / ‘ ] Y«
N i R
Current into page v AR .‘1‘8“"
© %
Right-hand rule for fields MP N

® Curl your fingers around the ... A
wire to indicate a circle.

® Your fingers point in the
direction of the magnetic
field lines around the wire.

------- The magnetic field is revealed by the
pattern of iron filings around the
current-carrying wire.



MAGNETIC FIELD DUE TO A CHARGE

FIGURE 33.6 The magnetic field of a
moving point charge.

Magnetic field

This is the point of the moving
at which we want  point charge
to find B. T

Point
charge g

\

> NG

&

) Velocity of the

charged particle

FIGURE 33.9 The cross product CxDisa
vector perpendicular to the plane of
vectors C and D.

_. The cross product is
erpendicular to the plane

s magnitude is CDsina

c Plane of C and D

Biot —Savart law

Po qv X r
point charge = 4,7
i

(magnetc field of a point charge)
& o

Direction by RH rule

Only moving charges
create B

Units of B: Tesla
1 Tesla=1 T=1 N/Am

n,=4m x 107 Tm/A






Magnetic Field due to a Current Element

Current element of length ds carrying current |
produces a magnetic field: g . savart Law

dB o P

/

/
/
/

, dﬁ:uo [dsxr

. : 2)
l‘te /1 4 r
ds

How do we get this law ?



MAGNETIC FIELD DUE TO A CURRENT

Mo qv X r
point charge = 4,7 ,.2
7

B

(a) Charge AQina
small length As of a /
current-carrying wire

The magnetic field of the
short segment of current is
in the direction of As X 7.

(magnetic field of a point charge)

As

AQ7 =AQ = = A0 5 - 1As
t

B, (F)=

Ar

u, IAs xr

> Biot-Savart
4 r
Convention

OOOO ®RR®

OOOO X000

OOOO X000

OOOO X0
OUT of page INTO page
“Arrow Head” “Arrow Tail”



B Field of a long wire

IA)@, xP) _ p, IO, x&,sin)] _ pi, I(A)singe,

= M .
AB(7) = Lo _ B
(r) 4 }"2 4 }’2 47T , (r)eg
P : ,
(P.2) AB(7) = Lo 2IA2ZSIH2¢ _ 4, IA2zs1n2¢
s dr  p +z 4w p°+z7
;;d) e Singp=p/r= p/m
z
Az " TN - I AZ
[ AB(F) = 2 £ 232
i ’ 4 (p"+2°)

<
1/2]212

L ouwlp > 22 wIp <
B(r)==—""=|dz/(p” + =0
(") A5 { 7+ ) 4 0 (2 + p7)

Show that the above formula is valid as long as p<<I where | is the length of the wire



PROBLEM-SOLVING

srratecy 33 1 The magnetic field of a current @

voper Model the wire as a simple shape, such as a straight line or a loop.
visuauize For the pictorial representation:

© Draw a picture and establish a coordinate system.

@ Identify the point P at which you want to calculate the magnetic field.

©® Divide the current-carrying wire into segments for which you already know
how to determine B. This is usually, though not always, a division into very
short segments of length As.

© Draw the magnetic field vector for one or two segments. This will help you
identify distances and angles that need to be calculated.

© Look for symmetries that simplify the field. You may conclude that some
components of B are zero.

sotve The mathematical representation is B, = 2B,

®  Use superposition to form an algebraic expression for each of the three com-

ponents of B (unless you are sure one or more is zero) at point P.

Let the (x, y, z)-coordinates of the point remain as variables.

Express all angles and distances in terms of the coordinates.

® Let As — ds and the sum become an integral. Think carefully about the inte-
gration limits for this variable; they will depend on the boundaries of the wire
and on the coordinate system you have chosen to use. Carry out the integra-
tion and simplify the results as much as possible.



B FIELD DUE TO LONG WIRE

2w d

B

N Y
e 4 (12(.\': + (12)”2 -

FIGURE 33.14 The magnetic field of a long, straight
wire carrying current /.




The Right-Hand Rule #2

/ I Current flowing
/ Lo in z direction



B field of a current loop

Consider a coil with radius R and current /

I[{§ <P

L
4_
I
Find the magnetic field B at the center (P)

1) Think about it:
* Legs contribute nothing
| parallel to r
* Ring makes field into page
2) Choose a ds
3) Pick your coordinates
4) Write Biot-Savart

Current element of length ds carrying current |
produces a magnetic field:

dB ’pP
~ u, Idsxr
dB =

i’te /5 dr  r’
ds

In the circular part of the coill...
dslr — I|dsxri=ds

Biot-Savart:

_ Hol |d§>< f.’ _ Ml ds

_ uI RO
ds 4z R
_wldo
4z R

I
—
T

dr r? 4 r?



B field of a current loop

In the circular part of the coill...

dslr — Ildsxri=ds

Biot-Savart:
Hol |dsxr| ol ds

>
I . -— Ar  r* 4z r*
I

A _ u,I Rd0

ds 47 R?
il do
4z R

Consider a coil with radius R and current /
u,l do

dB=r 2
47 R
\— B=[dB= frutdo
o 47 R
Mol jd@—“—ol(zn)

" 47R  47R
ol

B = 2% into page
2R pag



Magnetic Dipole

FIGURE 33.16 Calculating the magnetic field of a

current loop. Compute on axis B for z>>R

y

§=90° Segment k, length As For Z=0 and on aXis the fields
4 produced by k and j are equal
and add so that we get

AB(p=0,z=0)=2(ul/4m)(RAO/R?)

Adding all segments results in replacing
AB by 1T so that we get

B(p=0,7=0)=(u 2x)(I/R)

Segment j B

At a distance z#0 each element creates a z and p component. The p components of
two anti-diametrical arcs are antiprallel and cancel out leaving only the z-component
that add. This modifies the previous result to

AB.(p =0,z =0) =2(u,I/27)[RAO/(R* + %) *]cos ¢ = 2(u, I /2)[RAO/(R* + 2*)I[R/(R* + 2%)"°]

IR? IR’
B (p=0,z=20)=(u,/2) (2 + R*)™ = (u,/4r) (2 + R*)*

InR?

3

IA
z>>R—=B (p=0,2)=(u,/4x) = (u,/4m)—
<



Magnetic Dipole

FIGURE 33.16 Calculating the magnetic field of a
current loop.
# = 90° | Segment &, length As

Segment j \ B

|AS, x 7| = As

IAs
(Bk)z = MO —ZCOS¢

dr r
cosp=R/r

U IRAs
B — o
(Bo): 477 (z* + R*)*"?
For z>>R

u, IRAs
B) =2
( k)z 4.7_[ Z3

4, IRAs _u, IR

oo =
P A 7 2 Z

Compute on axis B for z>>R

B, perpendicular to As, and r.

The p-component of of B, is cancelled
by the p component of B;. Same for all
anti-diametric segments. We are thus
left by only a z-component. Need to
compute only (B,),=B, cos¢.

Magnetic Dipole moment

w, 2I7R> 214 u, 21u

3

B

I =
Y -

Al

4 Z° 4 Z°

=
]

|

1 2p
dipole = 4 3
P Ame 2



MAGNETIC DIPOLE

FIGURE 33.18 The magnetic field of a current loop.

(a) Cross section through the current loop (b) The current loop seen from the right (e) A photo of iron fillings

} , The field emerges
! - - \ /- o 1 1
from the center of ['he magnetic dipole moment is perpendicular

v « \ | /“ , the loop.\ to the loop, in the direction of the right-hand
v LN i . The magnitude of @ is AL
\ ¥ / A N
\ {q)// ’]/ '
i = i g ‘
- » » ‘ *
/ (A7) v 3
A4 \ Loop area A
| ! - w‘( ,,,,,,,, The field returns”
i / I around the outside
of the loop.

FIGURE 33.19 A current loop has magnetic poles and generates the same magnetic field as a
flat permanent magnet.

(a) Current loop (b) Permanent magnet

. 1 2p
oo~y R E(0,0,z) = ——f, p=enp,z>>I
V), | ,; z

| / / FIGURE 27.8 The dipole moment.

4me,

N - B(0,0,z) = H 2—‘:,2 >> R
. : 4 z
(A1) ' ‘ u=IwR* = I(Area)

her it's a current loop or a permanent magnet, *

the magnetic field emerges fror

he north pole

NOTE » The magnetic field inside a permanent magnet differs from the magnetic
ficld at the center of a current loop. Only the exterior field of a magnet matches the
field of a current loop. <



LOOP — FLAT MAGNET EQUIVALENCE

Investigating current loops

Thread

South North N | s} F S
Aligns Repels Attracts

A current loop hung by a thread The north pole of a permanent magnet repels the The south pole of a permanent magnet

aligns itself with the magnetic side of a current loop from which the magnetic attracts the side of a current loop from

field pointing north. field is emerging. which the magnetic field is emerging.

A FLAT PERMANENT PERMANENT MAGNET AND A CURRENT LOOP
(ELECTROMAGNET) GENERATE THE SAME MAGNETIC FIELD
THE FIELD OF A DIPOLE




