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29.1 Magnetic Fields and Forces

=The direction of the magnetic field B at any location is the direction in
which a compass needle points at that location.

The magnetic field lines outside the magnet point away from north
poles and toward south poles.

S N e
’\f\x\ \v MY FAL 5
QR 7

(a)

©2004 Thomson - Brooks/Cole

Active Figure 29.1 Compass needles
can be used to trace the magnetic
field lines in the region outside a
bar magnet

Active Figure 29.1 Compass needles
can be used to trace the magnetic field
lines in the region outside a bar magnet




= \We can define a magnetic field B at some point in space in terms
of the magnetic force Fg that the field exerts on a test object, for
which we use a charged particle moving with a velocity v.

¢+ assuming that no electric (E) or gravitational (g) F,

fields are present at the location of the test object. t
Figure 29.3 The direction of the magnetic force Fg acting z
on a charged particle moving with a velocity v in the +q 2(

presence of a magnetic field B. (a) The magnetic force is
perpendicular to both v and B.
Henry Leap and Jim Lehman (a)

A\

0 gﬁgocrr:gl:éi: s =aqv =B F, is the magnetic force

—

. , B is the magnetic field
V is velocity of the charge



e The magnitude f; of the magnetic force exerted on the particle is

proportional to the charge g and to the speed v of t "y

e The magnitude and direction of F; depend on the

velocity of the particle V and on the magnitude and <L
direction of the magnetic field B. S W

e When a charged particle moves parallel to the v

magnetic field vector (i.e., 0= O) , the magnetic

force acting on the particle is zero.

e When the particle’s velocity vector makes any

angle with the magnetic field, the magnetic force

acts in a direction perpendicular to both v and B;

F is perpendicular to the plane formed by v and Bb

The magnitude:
F, =qvBsind
or |:B =qvB When the velocity and the field are perpendicular
to each other.

For a positive charge




Fig 29-3b, p.897 . . i
/ e The magnetic force exerted on a positive charge

. is in the direction opposite the direction of the
e I F"\\}magnetic force exerted on a negative charge
- moving in the same direction.
e The magnitude of the magnetic force exerted on
— the moving particle is proportional to sin, where is
Fy the angle the particle’s velocity vector makes with
the direction of B.
We can summarize these observations by writing the

magnetic force in the fort Fy=qvx B

(b)

« The S| unit of magnetic field is the tesla (T)

Wb N N

m2 C-(m/s) A-m =Kg/Cs
— Wb (Weber) is the unit for magnetic field flux.

* Anon-SI commonly used unit is a gauss (G)

- 1T7=10*G

T =




when a charged particle moves with a velocity v through a magnetic field, the
field can alter the direction of the velocity vector but cannot change the speed
or kinetic energy of the particle.

Figure 29.4 The right-hand rule
for determining the direction of the
magnetic force Fzp = gv X B acting
on a particle with charge ¢ moving
with a velocity v in a magnetic field B.
The direction of v X B is the direc-
tion in which the thumb points. (a) If
qis positive, Fgis upward. (b) If gis
negative, Fyis downward, antiparallel
to the direction in which the thumb

(a) points.
in = 1{, .] ¥ 1= _k] For positive charge
xk=1 kxi=—i Jx-1=k
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(a) (b)
Figure 29.6 (a) Magnetic field lines coming out of the paper are indicated by dots,
representing the tips of arrows coming outward. (b) Magnetic field lines going into the
paper are indicated by crosses, representing the feathers of arrows going inward.

 IfBisinthe page, we use lines with —>
arrow heads. —>

Right Hand Rule
 Hold your right hand open
* Place your fingers in the direction of B
* Place your thumb in the direction of v

 The direction of the force on a positive charge
is directed out of your palm

— If the charge is negative, the force is opposite that =
determined by the right hand rule




What is the direction of the force F on the charge in each
of the examples described below?
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— out of the paper
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B
. into the paper v
g =0 = qvE Maximum magnitude
At rest@ ;
:
Neutral particle F.=qvBsing
- F5 Is always

F =0 perpendicular to v and B vectors




Differences Between Electric and Magnetic Fields

e Direction of force Norrhma%elicpole |
* The electric force acts parallel or antiparallel to
the electric field (F; = qE) Maenetic P oY
* The magnetic force acts perpendicular to the Field
magnetic field

. | S |
* I:B - |q| v Bsin© _ . Magnetic force of
* 0 is the angle between the velocity and the field ,,,uenitude gvBsin®

* The force is zero when the velocity and the field perpendicular to
are parallel or antiparallel 0=0 both v and B, away
or 0 = 180° from viewer:

* The force is a maximum when the velocity and

the field are perpendicular 0 =90° T

* F Electric
b* F? é Field

Electric
force gE



Motion
The electric force acts on a charged particle

regardless of its velocity
The magnetic force acts on a charged particle only
when the particle is in motion and the force is

proportional to the velocity

* Work
* The electric force does work in displacing a charged particle
* The magnetic force associated with a steady magnetic field does

no work when a particle is displaced
* This is because the force is perpendicular to the displacement



* The kinetic energy of a

charged particle moving

through a constant magnetic field cannot be altered

by the magnetic field a

* When a charged partic
through a magnetic fie

one

e moves with a velocity -
d, the field can alter the

direction of the velocity, but not the speed or the

kinetic energy



Example.

A 2-nC charge is projected with velocity 5 x 10* m/s at an angle of
30% with a 3 mT magnetic field as shown. What are the magnitude
and direction of the resulting force?

g=2x10°C v=5x10*m/s B=3x103T 6=30°

F =qvBsind = (2 x 10°C)(5 x 10°m/s)(3 x 10°T)sin 30°

Resultant Magnetic Force: F=1.50x 107 N, upward




Example

A proton moves with a speed of 1.0x10°> m/s through the Earth’s
magnetic field, which has a value of 55uT at a particular location.
When the proton moves eastward, the magnetic force is a maximum,
and when it moves northward, no magnetic force acts upon it. What

is the magnitude and direction of the magnetic force acting on the

roton?
P 0 = 90° sin90° =1

F. =qvB
F, = (1.6x10")(1.0x10°)(55x107°)
F, =8.8x10™N

The direction cannot be determined precisely by the given information.
Since no force acts on the proton when it moves northward (meaning

the angle is equal to ZERO), we can infer that the magnetic field must
either go northward or southward.



Example

Determine the direction of the unknown variable for a proton
moving in the field using the coordinate axis given
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Example

Determine the direction of the unknown variable for an
electron using the coordinate axis given.

M
3 = *X
o f —
+Z +X ) V= +y
b
>,

"'\A ™




Example

the force on a fast moving proton due to the earth’s magnetic
field. (Already we know we can neglect gravity, but can we neglect

magnetism?)

Let v =107 m/s moving North.

E =100 V/m

What is the direction and magnitude of F?
Take B = 0.5x10“ T and v_L B to get maximum effect.

F=qvB=16x10"C-10" T.0.5x10"T

FmM =8x107' N

(a very fast-moving proton)

Fe=QgE=16x10"C-100%> ¢ weisinote

Fe=1.6x10""N

meter .-

{ A
B

paper (west).




Example
A charge g, = 25.0 yC moves with a speed of 4.5 x 103 m/s
perpendicularly to a uniform magnetic field. The charge
experiences a magnetic force of 7.31 x 103 N. A second
charge g, = 5.00 uC travels at an angle of 40.0 ° with respect
to the same magnetic field and experiences a 1.90 x 10 3 N
force. Determine

() The magnitude of the magnetic field and

(i) The speed of q,. F =qvBsin @

q, =25.0uC,v; =45x103m/s, ©,=90.0 °
F,=7.31x10%N, g, =5.00 uC, ©,=40.0°,
F,=1.90 x 10 - N force.

() - B, - _650x107T = B,

Vs
(i) v,=9.10x103m/s



Example

[6] A proton moves with a velocity of v = (2i"- 4)" +k™ ) m/s in
a region in which the magnetic fieldisB" (i"+ 2j" - 3k™ ) T.
What is the magnitude of the magnetic force this charge
experiences?

F =qvBsind=q(vxB)

i j k
Now, vxB=+2 -4 +1=101+7)+8Kk
+1 +2 -3
vx B|=14.6T.m/s
F|=1.6x10™" x14.6 = 2.34x10™°N




Example Magnetic Forces on Charged Particles

A proton in a particle accelerator has a speed of 5.0x10° m/s. The proton
encounters a magnetic field whose magnitude is 0.40 T and whose direction
makes and angle of 30.0 degrees with respect to the proton’s velocity (see part
(c) of the figure). Find

(a) the magnitude and direction of the force on the proton and

(b) the acceleration of the proton.

(c) What would be the force and acceleration if the particle were an electron?

F = |g|1-*Bsi11 &
— (1.60 x10™°C)(5.0 x 10° m/s}0.40T)sin(30.0°)
1.6x107°N

~13
(b) a= il = 1.{1':::1{]_?1'4 =19.6x10" m/s’
m, 1.67x107""kg
upward

Magnitude of the force is the same, but direction
is opposite. The mass is ~1800 times smaller
" w8 F  16x10°N

= — 31 =
m_, 9.11x107" kg

(a)

1.8x10" m/s’
downward




EXAMPLE 29.1 An Electron Moving in a Magnetic Field
An electron in a television picture tube moves toward the front of the tube with a
speed of 8.0 x 10° m/s along the x axis. Surrounding the neck of the tube are coils
of wire that create a magnetic field of magnitude 0.025 T, directed at an angle of
60° to the x axis and lying in the xy plane. Calculate the magnetic force on and

acceleration of the electron.

Fp= | g|rJB sin # y
= (1.6 X 107 C) (8.0 x 10° m/s) (0.025 T ) (sin 60°) i

= 28 x 107N

Because v X B is in the positive z direction (from the right-
hand rule) and the charge is negative, Fy is in the negative z
direction.

F 28 X 107N : -
a=—2 = — = 3.1 X 10'% m/s*
M., 9.11 X 107 kg

in the 11&ga[ive = direction.



Example

3- An electron moving along the positive x axis perpendicular to

a magnetic field experiences a magnetic deflection in the

negative y direction. What is the direction of the magnetic field?

Fg=qvxB: |Fg|()=-¢|v|ixB

Therefore, B = ‘E|{—k] which indicates the

negative z direction

b1



Example

5- A proton moves in a direction perpendicular to a uniform
magnetic field B at 1.0 x10” m/s and experiences an acceleration of
2.0x10!2 m/s? in the + x direction when its velocity is in the +z

direction. Determine the magnitude and direction of the field.

F = ma = (167 x 1027 kg)(2.00 x 10" m/s%) =3.34 x 107" N = gvB sin 90° T"_ vxB
F 334 x 10014 N
B = = [2.00% 107 T

¢ ~ (1.60x 107° C)(1.00 x 107 m/s) B

The right-hand rule shows that B must be in the -y direction to yield a
force in the +x direction when v is in the z direction.



Example F = quBsin

1. Calculate the magnitude of the force on a
proton travelling 3.1 x 10’ m st in the uniform
magnetic flux density of 1.6 Wb m-,if :

() the velocity of the proton is perpendicular
to the magnetic field.

F=7.9x10 **N

(1) the velocity of the proton makes an angle 60°
with the magnetic field.
(charge of the proton = +1.60 x 10-1° C)

F=6.9%x10 *N




29.2 Magnetic Force Acting on a Current - Carrying Conductor

If a magnetic force is exerted on a single charged particle when the particle
moves through a magnetic field, it should not surprise you that a current-
carrying wire also experiences a force when placed in a magnetic field.

the current is a collection of many charged particles in motion; hence, the
resultant force exerted by the field on the wire is the vector sum of the
Individual forces exerted on all the charged particles making up the current.

The force exerted on the particles is transmitted to the wire when the
particles collide with the atoms making up the wire.

(a) (b) (c) ()

©2004 Thomson - Brooks/Cole



IL x B.

©2004 Thomson - Brooks/Cole

the current in the wire 1s I = ngovy A, Therefore,

Figure 29.7 A segment of a cur-
rent-carrying wire located in a mag-
netic held B. The magnetic torce
exerted on each charge making up
the current is gv; X B, and the net
torce on the segment of length I 1s

Fp= (qv; X B)nAL

Fp=/LxB Direction: Right-hand rule

F...=IB when 6 =90° |

F=0 when ©6=0° 1//B

d

e Fis maximum when ©=90°

Fig 29-8, p.901



EXampI%'wire carries a current of 22 A from east to west. Assume
that at this location the magnetic field of the earth is
horizontal and directed from south to north, and has a
magnitude of 0.50 x 10 T. Find the magnetic force on a 36-

m length of wire. What happens if the direction of the
current is reversed?

F__=BIl

=(0.50x107'7")(224)(36m)
=4.0x1072N



Example
Determine the direction of the magnetic force, exerted

on a conductor carrying current, | in each problem
below.

()
()
D N

a. 0 ®||® ® b ® ®|® ®
X R ® @@l@o@
o ol o all
4 ® ®|® ® b. % «||® i
F ® 601@ X & ®l C@(otherlght)
Y ® b @ 50 ® » ®




Example

A wire of length 0.655 m carries a current of 21.0 A.
In the presence of a 0.470 T magnetic field, the
wire experiences a force of 5.46 N . What is the
angle (less than 90°) between the wire and the
magnetic field?

F
0=sin"——
BIL



Example F =BILsin 8

1. A square coil of wire containing a single turn is
placed in a uniform 0.25 T magnetic field. Each side
has a length of 0.32 m, and the current in the coil is
12 A. Determine the magnitude of the magnetic
force on each of the four sides.

a B
90°

O N (left and right sides)

] 0.96 N (top and bottom sides)
|




Example

13- A wire having a mass per unit length of 0.500 g/cm carries a
2.00-A current horizontally to the south. What are the direction and

magnitude of the minimum magnetic field needed to lift this wire

vertically upward?




Example

16- A conductor suspended by two flexible wires as shown in
Figure P29.16 has a mass per unit length of 0.040 0 kg/m. What
current must exist in the conductor for the tension in the

supporting wires to be zero when the magnetic

[Fs| _mg _ ILxB]

L L L
mg  (0.0400 kg/m)(9.80 m/s%) I
I'=3r - 3.60 T =|0.109 A |
wlw % = = IV = %)% F
wle = o= ow ow o w owow owm| T
The direction of I in the bar is |to the right| . | 3¢ 5 3¢ % % 3¢ ¢ 2] f?:;%}
ool Yool b -



Example

MAGNETIC FIELD A 36-m length wire carries a current of
A A 4 A A A 22Arunning from right to left.
Calculate the magnitude and direction
WIRE ety — Of the magnetic force acting on the
wire if it is placed in a magnetic field
with a magnitude of 0.50 x10# T and
directed up the page.

. oy
F, =ILBsinég

= (22)(36)(0.50x10™*)sin 90 IB_:_;V vz -

F = -z, into the page

|:B
F, = 0.0396 N



Magnetic Force on a Current

Example: A current, I=10 A, flows through a wire, of length L=20 cm, between the poles of
a 1000 Gauss magnet. The wire is at 6 = 90° to the field as shown.What is the force on the

wire?

~ILxB
LB (up)
10(A)-0.20(m)-0.1(T) =0.2N

T

N

F
S
L

[F points out of the page]



Example :The Force and Acceleration in a

Loudspeaker
The voice coll of a speaker has a diameter of 0.0025 m, contains

55 turns of wire, and is placed in a 0.10-T magnetic field. The
current in the voice coil is 2.0 A. (a) Determine the magnetic force
that acts on the coil and the cone. (b) The voice coil and cone
have a combined mass of 0.0200 kg. Find their acceleration.

(a) F:fLBsiI]e
=12.0 A|557(0.0025 m| (0.10 T|sin90°
(0.86 N
F_ 086N :
b) a=—= =43m/s-

m 0.020 ke



29.4 Motion of a Charged Particle in a Uniform Magnetic Field

The magnetic force acting on a charged particle moving in a
magnetic field is perpendicular to the velocity of the particle and
that consequently the work done on the particle by the magnetic

force is zero. (W= F.S= Fs cos 0)
I Because F; always points toward the

center of the circle, it changes only the
direction of v and not its magnitude.

% Bin

the rotation is counterclockwise for a
positive charge. If g were negative,
the rotation would be clockwise.




B into the
page

B out of
the page



|:B — I:c
mv*
F. = qvB =
-
mv
r=—
gB

r is proportional mass of the particle
and inversely proportional to the
magnetic field and the charge

The angular speed of the particle
O 7 5

r L

(el

The period of the motion T (the time that the particle takes to complete one
revolution) is equal to the circumference of the circle divided by the linear

speed of the particle:
Y

Helical

T =

2zr 27 27m
\Y; gB

)

T -1
f

Figure 29.19 A charged particle having a velocity vector
that has a component parallel to a uniform magnetic
field moves in a helical path.



EXAMPLE 29.6 A Proton Moving Perpendicular to a Uniform Magnetic Field

A proton is moving in a circular orbit of radius 14 cm in a uniform
0.35-T magnetic field perpendicular to the velocity of the proton.
Find the linear speed of the proton.
~ gBr  (1.60 X 10719 C)(0.350 T)(14.0 X 1072 m)
c ny, B .67 X 10727 kg
= 4.69 X 10° m /s

Find the period of the circular motion of the proton.

277, 2 (1.67 X 10727 kg)
- -

q B (1.60 =< 10" Cy(0.350 T)

= 1.87 X 10 75

Exercise If an electron moves in a direction pﬁ-rpﬁ-ndicular

to the same magnetic field with this same linear speed. what
1s the radius of its circular orbit?

Answer 7.6 % 107" m.



29.5 Applications Involving Charged Particles Moving in a Magnetic Field

Velocity Selector:

 In many applications, the charged particle will move in the presence of
both magnetic and electric fields

* |n that case, the total force is the sum of the forces due to the individual
fields

* Ingeneral: — ~ .z
— This force is called the Lorenz force F = qE + qV x B

— ltis the vector sum of the electric force and the magnetic force

Bin
X X X X X : X .
Source IS | A gvxB
—L X X X X b 4 » ¢ E
p . X
——————— e e o ——— s ®+q
\ 4 ) 4 P e X VX >
. X X XVYXVYVXVYVXYXY
Slit; "ttt el
Ee e - = V ¢E
(a) (b)



* Used when all the particles need to move with (,foi
the same velocity

* A uniform electric field is perpendicular to a
uniform magnetic field tq

When the force due to the electric field is equal
but opposite to the force due to the magnetic K
field, the particle moves in a straight line !

This occurs for velocities of value v=E /B (b)

© 2006 Brooks/Cole

 Only those particles with the given speed will pass through the two fields
undeflected

« The magnetic force exerted on particles moving at speed greater than
this is stronger than the electric field and the particles will be deflected
upward

 Those moving more slowly will be deflected downward



Example

Suppose a cyclotron is operated at frequency f=12 MHz and
has a dee radius of R=53cm. What is the magnitude of the
magnetic field needed for deuterons to be accelerated in the
cyclotron (m=3.34 10-%?’kg)?

_ 4B
/= 2Tm
10-27 106 —1
B 2rmf (2m)(3.34 - 107*"kg)(12 - 10°s™") e

q 1.6-10-19C



Example

*A 2.0-m wire carrying a current of 0.60 A Is oriented
parallel to a uniform magnetic field of 0.50 T. What
IS the magnitude of the force it experiences?

a) zero

b) 0.60 N
c) 0.15 N
d) 0.30 N



A magnetic force acts on an electric charge (g) in a
magnetic field (B) when:
mm) (A) g moves at 90 to B
(B) g is at rest
(C) g moves along B
(D) g moves opposite to B
(E) None of the above

An electron moving in the positive x direction experiences a
magnetic force pointing into the plane of the page. The
direction of magnetic field (B) that produced this magnetic
force is along the: A
(A) Positive x axis Y i
(B) Negative x axis @ vV,
(C) Positive y axis

==) (D) Negative y axis T ——.
(E) out of the plane 5 A

>
R
e



Example
Suppose a cyclotron is operated at frequency f=12 MHz and has a
dee radius of R=53cm. What is the kinetic energy of the
deuterons in this cyclotron when they travel on a circular
trajectory with radius R (m=3.34 10%’kg, B=1.57 T)?

A) 0.9 1014}
B) 8.47 1013 )
C) 2.7 1012
D) 3.74 1013

e RgB

implies v=——=3.99x10" m/s
m

—2.7x1071

my
gB
K=5mv



SUMMARY

The magnetic force that acts on a charge ¢ moving with a velocity v in a magnetic field

Bis Fy=qv xB (20.1)

The direction of this magnetic force is perpendicular both to the velocity of the parti-

cle and to the magnetic field. The magnitude of this forceis [y = |¢[oBsin § (29.9)

where 6 1s the smaller angle between v and B. The SI unit of B 1s the tesla (T), where
I T=1N/A-m.

When a charged particle moves in a magnetic field, the work done by the magnetic
force on the particle 1s zero because the displacement 1s always perpendicular to the
direction of the force. The magnetic field can alter the direction of the particle’s
velocity vector, but 1t cannot change 1ts speed.

If a straight conductor of length L carries a current [, the force exerted on that
conductor when 1t 1s placed in a uniform magnetic field B 1s F;=ILxB (29.3)



If a charged particle moves in a uniform magnetic field so that its initial velocity 1s
perpendicular to the field, the particle moves in a circle, the plane of which 1s perpen-
dicular to the magnetic field. The radius of the circular path is

mu

— 29.13
B (29.13)

T:

where m 1s the mass of the particle and g 1s its charge. The angular speed of the

charged particle 1s

w=—— (29.14)



Magnetic Field and

-lectric Field

Deflection of a charged particle in a magnetic
field

Deflection of a charged particle in an electric
field

The magnetic field can exert a magnetic force
only on a moving charged particle moving
perpendicular to the field. Stationary charged
particles and charges moving parallel to the field
experience no force.

The electric field always exerts an electric
force on a charged particle, whether it is
stationary or moving.

The magnetic force is perpendicular to the
magnetic field and the direction of motion of
the charged particle. Direction of force is
deduced by Fleming'’s Left Hand Rule.

The electric force acts in the direction of the
electric field. Deduced from the law of
electrostatics (i.e. Like charges repel; unlike
charges attract.)

Magnetic force is dependent on the speed and
direction of motion of the charged particle:

F, =Bqgwinéd

Electric force is independent of the speed and
direction of motion of the charged patrticle.

(Fe = qE)

Uniform circular motion is obtained when a
charged particle enters a magnetic field
perpendicularly.

Parabolic motion is obtained when a charged
particle enters an electric field perpendicularly.




