Chapter 21
Magnetic Forces and Magnetic Fields
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Goals for Chapter 21

« To observe and visualize magnetic fields and forces.

» To study the motion of a charged particle in a magnetic
field.

» To evaluate the magnetic force on a current-carrying
conductor.

» To study the fields generated by long, straight conductors.

» To observe the changes in the field with the conductor in
loops (forming the solenoid).

» To calculate the magnetic field due to a straight current-
carrying wire.

» To understand magnetic materials.

21.1 Magnetic Fields

Permanent magnet can produce a magnetic field.

Magnetic
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21.1 Magnetic Fields
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21.1 Magnetic Fields
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A magnet has two poles, North (N) and South (S)
Magnetic field lines leave from N, end at S
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Bar Magnets are Dipoles ! Magnetic Field of the Earth

~ > ) Create Dipole Field
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Also a magnetic dipole !

" Rotate to orient with Field

Is there magnetic “charge” ? A5 North magnetic pole
located in southern
hemisphere

NO ! Magnetic monopoles do not exist in isolation

21.2 The force that a B field exerts on a moving Charge

What force does a magnetic field exert
on charges?

B - NONE! I/i
°q * (If the charge is not moving —45
with respect to field) il [ F——
\ o /) = =1 a| <
= « If the charge is moving, FB = q AV B S1n e
B g however, there is a force

on the charge, perpendicular

toboth v and B Magnetic force perpendicular both to:

Velocity v of charge and magnetic field B

21.2 The Force That a Magnetic Field Exerts on a Charge

. . . Right-hand rule for the direction of magnetic force on a positive charge moving in a magnetic field:
The following conditions must be met for a charge to experience % oy . p e
amagnetic force when placed in a magnetic field:

(1) Place the v and B vectors tail to tail,
1. The charge must be moving.

2. The v_elocity of the (_:harge must have a component thatis (2) Imagine turning v toward B in the v 7 3
perpendicular to the direction of the magnetic field. - j i : \e
plane (through the smaller angle). _—
(3) 'The force acts along a line perpen- ey _ R\ighl
) i ; - dicular to the v-B plane. Curl the ﬁ-fiplane +Force acts along this line. iisid!
o 4 > P I / £ fingers of your right hand around '
a N N =R this line in the same direction you
s e i = = - \‘ 7 rotated v. Your thumb now points /Q‘ 3
in the direction the force acts. 4\ ;




21.2 The Force That a Magnetic Field Exerts on a Charge

Right Hand Rule No. 1. Extend the right hand so the fingers point
along the direction of the magnetic field and the thumb points along
the velocity of the charge. The palm of the hand then faces in the
direction of the magnetic force that acts on a positive charge.

If the moving charge is negative,
the direction of the force is opposite
to that predicted by RHR-1.
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The magnetic force is different from the
electric force.

Whereas the electric force acts in the

— —
same direction as the field: F q E

The magnetic force acts in a direction T . =l B b
orthogonal to the field: ‘FB ‘ - q ‘V‘ ‘B‘ Sm e
(Use “Right-Hand” Rule to

F = q{’ X B determine direction of )

And --- the charge must be moving !!

Definition of a magnetic field

F

B:m (211)

. L newton - second
Sl unit of magnetic field: DEWION - secOnt _ tesla(T)
coulomb - meter

21.3 The Motion of a Charged Particle in a Magnetic Field

o o X St
Charged particle in an electric field. g =

Charged particle in a magnetic field. ==

21.3 The Motion of a Charged Particle in a Magnetic Field
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Conceptual Example 2 A Velocity Selector

A velocity selector is a device for measuring .
the velocity of a charged particle. The device — -
operates by applying electric and magnetic

forces to the particle in such a way that these

forces balance.

How should an electric field be applied so that v
the force it applies to the particle can balance " .
the magnetic force? ik £ I i" [ l \

21.3 The Motion of a Charged Particle in a Magnetic Field

The electrical force can do work on a L
charged particle.

The magnetic force cannot do work on a
charged particle.
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21.3 The Motion of a Charged Particle in a Magnetic Field

The magnetic force always remains
perpendicular to the velocity and is
directed toward the center of the
circular path.
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21.3 The Motion of a Charged Particle in a Magnetic Field

Conceptual Example 4 Particle Tracks in a Bubble Chamber

Particle 3

The figure shows the bubble-chamber
tracks from an event that begins at point > Particle |
A. At this point a gamma ray travels in

from the left, spontaneously transforms

x| x x
V2 i [ into two charged particles. The particles
F,=m— Y , move away from point A, producing two
r i e Tl- * * spiral tracks. A third charged particle is
ﬁ knocked out of a hydrogen atom and
) e moves forward, producing the long track.
Vv -
VB =m— ;
q r F The magnetic field is directed out of the )
ﬁ I 3 paper. Determine the sign of each particle
£ — and which particle is moving most rapidly.
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21.5 The force on a current in a Magnetic Field Magnetic Force on Current-Carrying Wire
—— Bis into the B is into the
* The blue x’s indicate the page page
magnetic field is directed The current The current
into the page ) is up the is down the
— The x represents the tail page —_—
| ) of the arrow page
g (* 717 7] |+ Bluedotswould be used
. 2 ‘ to represent the field . —
i f« in directed out of the page B By,
| o — The e represents the head
b = of the arrow
I=0 ¢ In this case, there is no
current, so there is no The force is to the
force The force is to right
the left
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Magnetic Force on Current-Carrying Wire

Current is moving charges, and we know that moving charges feel a force in a
magnetic field

F=qvBsin6
= (IAt) L B sin 6
At

The total force is the sum of all the magnetic
forces on all the individual charges producing
the current

F=ILBsin6
F=ILB,

@ is the angle between the direction of B and the direction of |

right hand rule

Example: A straight, horizontal length of copper wire has a current | = 28 A through
it. What are the magnitude and direction of the minimum magnetic field needed to
suspend the wire—that is, to balance the gravitational force on it?

The linear density (mass per unit length) of the wire is 46.6 g/m.

F,=ILBsin0 F,=—mg

7 g

fi3

7 " Fe +F, = 0

£ B B 9 m=plL
. ILB:pLg sin® =1
mg

k
004668 981
B=PE& _ %“ %2:0.0163£:16.3mT
I 28A Am

21.6 The torque on a current-carrying Coil

F=BIL
F
d ~J
\\\
N i 2| s
B
~S— —
/\/ —

F=BIL

21.6 The Torque on a Current-Carrying Coil

Net torque = 7 = ILB(L wsin ¢)+ ILB(L wsin ¢) = IABsin ¢

Top view

magnetic
moment

——
7= NIA Bsing

AN

—— number of turns of wite

Magnetic Force on a Current Loop
Torque & Electric Motor

F=BIL 7 = |A Bsin 6
T~ current |
z/ \/7
~ A T=IAxB

\/ —  Normal to the

I A current loop
F=BIL with area A

Electric Motor

* An electric motor converts - Axis of
electrical energy to i =y TOIZTOD
’ -“# of loop
mechanical energy
— The mechanical energy is in
the form of rotational
kinetic energy
¢ An electric motor consists
of a rigid current-carrying
loop that rotates when
placed in a magnetic field

A

Iirush:'s)p L
——" commutators

DC Power

source

The torque acting on the loop will tend to rotate the loop to smaller values of 0
until the torque becomes 0 at 6 = 0°

« If the loop turns past this point and the current remains in the same direction,
the torque reverses and turns the loop in the opposite direction
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21.7 Magnetic fields produced by currents

* A current-carrying wire 1 i)
produces a magnetic field
¢ The compass needle
deflects in directions
tangent to the B field
— The compass needle points
in the direction of the
magnetic field produced by
the current

Direction of Magnetic Field of a Long, Straight Wire
field lines form circles around the wire

X

© g B M I

Currept flowing ™

‘Right-Hand Rule # 2’

Bo = 4nx107Tm/A
permeability of free space

3

Magnetic Field of a Current Loop

» The magnitude of the
magnetic field at the
center of a circular loop
with a radius R and
carrying current | is

B = Kol
2R
* With N loops in the coil, this becomes
|
B = N Xl
2R

Magnetic Field of a Solenoid

¢ If a long straight wire is bent into a coil

of several closely spaced loops, the

resulting device is called a solenoid |
It is also known as an electromagnet

since it acts like a magnet only when it |
carries a current \

* The field lines inside the solenoid are nearly parallel,
uniformly spaced, and close together
— This indicates that the field inside the solenoid is nearly uniform and strong

» The exterior field is nonuniform, much weaker, and in
the opposite direction to the field inside the solenoid

Magnetic Field of a Solenoid

¢ The field lines of a closely spaced solenoid resemble those of a bar
magnet

+ The magnitude of
the field inside a
solenoid is constant
at all points far
from its ends

* B=p,nl
— nis the number of turns per unit length
- n=N/L

Magnetic force between two parallel conductors

* The force on wire 1 is
due to the current in 1 e
wire 1 and the magnetic
field produced by wire 2

* The force per unit length

18
F_z HoliI,

/ 2nd

* Parallel conductors carrying currents in the same
direction attract each other

* Parallel conductors carrying currents in the opposite
directions repel each other




Magnetic Force Between Two Parralel Conductors

B Current 1 produces a
4 2 magnetic field B, =p,l / (27 d)
' F, I, atthe position of wire 2.
This produces a force on current 2:
8 LI T
i E|=1, [[||B,

For parallel wires the force on a length L of wire 2 is:

poLILL o i - %
2nd L 2nd

Direction: towards 1, if the currents are in the same direction.

F,=LLB, =

What is the force on wire 1?

What happens if one current is reversed?

Ampere’s Law - a sum along a line

Different Loops: a, b, c,d

blue - into figure (=)
red - out of figure (+)

D BAs=p,l,
D BAs=p,l,
Z BAs=p, (_ I3)

ZBHAS = Ho(ll - Is)
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21.8 Ampere’s Law

Draw an “Amperian
loop” around the
sources of current.

blue - into figure (=)
red - out of figure (+)

The sum of the
tangential component
of B around this loop
is equal to gl:

z BHAS = H‘OIenc

Ampere’s Law to find B for a long straight wire

Z BHAS = MOIenc

« Use a closed circular path
*  The circumference of the circle is 2
nr

> BAs=B) As=pI,

B2nr=p,l,

Gauss’s Law Ampere’s Law

s, T',
S
) y ’\I
£ o WK
4

o
L l Areu enclosed
[ I:‘-,.I\_-u path n:uI‘- by the path
;JLR.I;IH\\..iI‘ISLlllh o T !
The total “flux” of E-field The total “curl” of B-field

lines depends only on the
current punching through
the loop

lines depends only on the
amount of charge inside




