


Goals for Chapter 27

Magnets and the forces they exert on each other
Force that a magnetic field exerts on a moving charge
Magnetic field lines with electric field lines

Motion of a charged particle in a magnetic field
Applications of magnetism in physics and chemistry
Magnetic forces on current-carrying conductors

Current loops in a magnetic field

Copyright © 2012 Pearson Education Inc.



Introduction

 How does magnetic resonance
imaging (MRI) allow us to see
details in soft nonmagnetic
tissue?

 How can magnetic forces,
which act only on moving
charges, explain the behavior
of a compass needle?

* In this chapter, we will look at
how magnetic fields affect
charges.
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Magnetic poles

(a) Opposite poles attract.
e Forces between

magnetic poles. F F
. F F "
O - e

(b) Like poles repel.
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, , Q
Magnetism and certain metals 0N 5

* Either pole of a permanent
magnet will attract a metal

like 1ron. Ef’ P;?
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Magnetic field of the earth and its field lines

North geographic pole The geomagnetic north pole is actually
(earth’s rotation axis) a magnetic south (S) pole—it attracts

the N pole of a compass.

/ @ _— Compass
.. /,"“ Magnetic field lines show
oY 117/ .\‘ ‘ the direction a compass

| would point at a given

Why earth act N )

location.

I|ke d mag net? ‘ \ The earth’s magnetic
field has a shape
Q similar to that pro-
Walk arou d duced by a simple
W|th 3 cOMbass bar magnet (although

actually it is caused by

electric currents in the
‘ core).

What IS a \ The earth’s magnetic axis 1s
CompaSS? \ offset from its geographic axis.
The geomagnetic

south pole is actually a South geographic pole
magnetic north (N) pole.
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Magnetic monopoles

* Breaking a bar
magnet does not
separate its poles.

* There 1s no
experimental
evidence for
magnetic
monopoles.

* Why?

In contrast to electric charges, magnetic poles
always come 1n pairs and can't be 1solated.

Breaking a magnet in two ...

N S

\/

N S|IN S

... yields two magnets,
not two 1solated poles.
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Electric current and magnets(a)

* In 1820, Hans Oersted
discovered that a
current-carrying
wire causes a
compass to deflect. b)

When the wire carries a current, the compass

° Seems llke there 1S q needle deflects. The direction of deflection
. depends on the direction of the current.
connection between

moving charge and
magnetism.

When the wire
carries no
current, the
compass needle
points north.
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The magnetic field

A moving charge (or current) creates a
magnetic field in the surrounding space.

The magnetic field exerts a force on any other

moving charge (or current) that 1s present in the
field.

Then force of the magnetic field changes the
speed of the moving charges that in-turn creates
a secondary magnetic field and ...

Will come back to this later
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The magnetic force on a moving charge

A charge moving parallel to a magnetic field
experiences zero

i
magnetic 9 o
force. e_>
q y B

v a
A charge moving perpendicular to a magnetic
field experiences a maximal magnetic force
with magnitude
Finax = qUB. I’;

-
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The magnetic force on a moving charge

» The magnetic force on ¢ 1s perpendicular to
both the velocity of g and the magnetic field.

* The magnitude of the magnetic force 1s
F = |g|vB sin@
A charge moving at an angle ¢ to a magnetic
field experiences a magnetic force with
v, B = |q|vB sin ¢.

magnitude F = |g

F is perpendic-
ular to the plane
containing
v and B.
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Magnetic force as a vector product of vand B

* The right-hand rule gives the direction of the
force on a positive charge.

Right-hand rule for the direction of magnetic force on a positive charge moving in a magnetic field:
(1) Place the v and B vectors tail to tail.

@ Imagine turning v toward B in the v-B
plane (through the smaller angle).

@ The force acts along a line perpen- / . —_— Right
dicular to the v-B plane. Curl the v-B plane ~Force acts along this line. By

fingers of your right hand around
this line in the same direction you
rotated v. Your thumb now points
in the direction the force acts.

Copyright © 2012 Pearson Education Inc.



Magnetic force as a vector product of vand B

e Direction of the If the charge is negative, the direction
magnetic force on a of lh.e force 1s opposite to that given by
. the right-hand rule.
negative charge.
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Equal velocities but opposite signs

Positive and negative charges
moving in the same direction
through a magnetic field
experience magnetic
forces 1n opposite
directions.

gp = —q <0
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Units of magnetic field B

F=gVXxB
NzCﬂXunitofB
)
. L . N N
The SIunit of magnetic field Bistesla: 17 =1——=1
A-m C-m/s
Another unit is the gauss : 1G=10"T

Gaussmeters : instruments measuring the magnetic field

Magnetic field of the earch is of the order of 1G or 107*T
Largest B field produced int the lab:
~ 45T continuous & ~ 120T (pulsed ~ ms)

B of a surface of a neutron star ~ 10°7
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Determining the direction of a magnetic field

* A cathode-ray tube can be used to determine the direction of
a magnetic field.

(a) If the tube axis y (b) If the tube axis is parallel to the x-axis, the
1s parallel to the | beam 1s deflected in the —z-direction, so B is in
y-axis, the beam Js A A A A the +y-direction.
undeflected, so B is B y
in either the +y- or | (O
the —y-direction. v f T P
i/ - B /
/| ///

Electron beam -~
<
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Problem-Solving Strategy 27.1 Magnetic Forces

IDENTIFY the relevant concepts: The equation F =g x B allows you to determine the magnetic

force on a moving charged particle.

SET UP the problem using the following steps:

1. Draw the velocity ¥ and magnetic B field with their tails together so that you can visualize the

plane that contains them.
2. Determine the angle ¢ between Dand B .

8 Identify the target variables.

EXECUTE the solution as follows:

1. Express the magnetic force using Eq. (27.2), F= gu X B. Equation (27.1) gives the magnitude of
the force, F = gvBsing.

2. Remember that F is perpendicular to the plane containing ¥ and B. The right-hand rule (see Fig.

27.7) gives the direction of ¥ x B.If g is negative, Fis opposite 1oV X B.

EVALUATE yowr answer: Whenever possible, solve the problem in two ways to confirm that the
results agree. Do it directly from the geometric definition of the vector product. Then find the
components of the vectors in some convenient coordinate system and calculate the vector product from

the components. Verify that the results agree.
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Magnetic force on a proton

« Example 27.1 A beam of protons move with speed of 3.0E5Sm/s on
x-z plane at an angle 30 degrees with respect to +z axis through a
uniform B-field of 2.0T along positive z-direction.

* Find the force on the proton magnitude and direction

Y
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Magnetic field lines

At each point, the The more densely
field line 1s tangent the field lines are
to the magnetic packed, the stronger
field vector B. the field 1s at that point.
b
B

()

\

0'
L4
*
*
*
*

At e.ach point, the . . . therefore, magnetic
field lines point in field lines point away
the same direction a Jrom N poles and

compass would . . . toward S poles.
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Magnetic field lines are

not lines of force

hoen

B

A
WRONG

-

Magnetic field lines are not “lines of force.”
The force on a charged particle is not along
the direction of a field line.

= 4

17’4 RIGHT! B

el

The direction of the maénetie force depends
on the velocity v, as expressed by the
magnetic force law F = qu X B.
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Magnetic flux and magnetic Gauss’s law

* We define the magnetic flux through a surface
just as we defined the electric flux.

* Magnetic Gauss’s law: The magnetic flux through
any closed surface 1s zero.

®, = [B dA=|[Bcos®dA=BedA

Magnetic flux through a closed surface :

qSB-dA:O

Magnetic field or magnetic flux density

. /)

dA,
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Units of magnetic flux

®,=B A

Iweber = 1T - 1m? = IN .%

Wb =1T - m*
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Magnetic flux calculations

« Example 27.2: Area is 3.0cm? in a uniform B-field.
Magnetic flux through the surface 1s 0.90mWb. Calculate

the magnitude magnetic field.
 What 1s the direction of the area vector

(a) Perspective view (b) Our sketch of the problem
(edge-on view)

E N o

/ 120°

\ wlv

/
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Motion of charged particles in a magnetic field

* A charged particle in a magnetic
field always moves with
constant speed.

 If the velocity of the particle 1s
perpendicular to the magnetic
field, the particle moves 1n a
circle of radius R = mv/|q|B.

’ The number Of reVOlutlonS Of (b) An electron beam (seen as a blue arc)
the partICIG per unlt tlme ls the curving in a magnetic field
cyclotron frequency.

*  Why path of the electron beam
glows 1n this picture?
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Helical motion

» If the particle has velocity components parallel

to and perpendicular to the field, its path is a
helix.

* The speed and kinetic energy of the particle
remain constant.

/
/
— /
Uj >
YA ‘ \
Sl
Z q T — IB)
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Problem-Solving Strategy: Motion in Magnetic Fields

IDENTIFY the relevant concepits: In analyzing the motion of a charged particle in electric and

magnetic fields, you will apply Newton’s second law of motion,z F = n#, with the net force given by

Y F=¢(E+VxB). Often other forces such as gravity can be neglected. Many of the problems are

similar to the trajectory and circular-motion problems in Sections 3.3, 3.4, and 5.4; it would be a good

idea to review those sections.

SET UP the problem using the following steps:

1. Determine the target variable(s).
2. Often the use of components is the most efficient approach. Choose a coordinate system and then

express all vector quantities (including, and) in terms of their components in this system.

EXECUTE the solution as follows:
L If the particle moves perpendicular to a uniform magnetic field, the trajectory is a circle with a

radius and angular speed given by Egs. (27.11) and (27.12), respectively.

2. If your calculation involves a more complex trajectory, use » F =8 in component form:

2 F_=ma_, and so forth. This approach is particularly useful when both electric and magnetic

fields are present.

EVALUATE your answer: Check whether your results are reasonable.
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Magnetron inside a microwave oven

* Magnetron inside a
microwave oven
accelerates electrons.

» Accelerated charges
emit radiation.

« 2450 MHz is the
frequency of rotation of
electrons that leads to
2450 MHz frequency of
microwave radiation.

(B) il

CA-H%

ELECTRON MOTION
IN AN ELECTRIC FIELD
CIRCULAR

FIELD AROUNO@ MOTION OF

ELECTRONS i ELECTRON

LEF1 H RIGHT b
THE EFFECT OF COMEINED
ELECTRIC AND MAGNETIC
FIELDS ON ELECTRON TRAVEL

ELECTRON MOTION
ON A MAGNETIC FIELD

Figure 3 Electron motion in a magnetron tube
(Courtesy of Michael S. Wagner)
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Moving charged particle in a uniform magnetic field

* Example 27.3
A magnetron in a
microwave oven
emits EM waves with
frequency 2450
MHz. What magnetic
field strength 1s
required for electrons
to move 1n a circular
path with this
frequency?

(a) The orbit of a charged particle in a uniform
magnetic field

A charge moving at right angles to a uniform B
field moves in a circle at constant speed
because F and v are always perpendicular to
cach other.
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Moving charged particle in a uniform magnetic field

Example 27.4: In this figure the charged particle 1s
proton and the 0.500 T uniform magnetic field 1s along
the x-axis. At t=0 the proton’s velocity 1s (1.50E5m/s,
Om/s,2.00ESm/s). Find:

the force on proton U

acceleration of the proton.

radius of the helical path YA ‘ \\‘
angular speed of the protor /Q T:\ X
4 q T — B

pitch of the helix NJ J =
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A nonuniform magnetic field

Charges trapped 1n a magnetic bottle, which results from
a non-uniform magnetic field. Used for containing
ionized gas at high temperatures that any container will
melt. Applications 1n fusion reactors that produces
energy by colliding Very high energy plasma and fusion
reaction.

Coil 1
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Bubble chamber (1952 by Donald A. Glaser)

* A bubble chamber 1s a vessel
filled with a superheated Slow-moving

positron

transparent liquid (most
often liquid hydrogen) used
to detect electrically charged B

particles IIlOViIlg through 1t. incoming
gamma ray

 In a pair production
experiment high energy
gamma rays hit hydrogen
atoms and the tracks of it i P T
charged particles 1in a bubble electron electron
chamber curl under influence v T
of a magnetic field

Hydrogen

Copyright © 2012 Pearson Education Inc.



A nonuniform magnetic field

The Van Allen radiation belts and the resulting
aurora borealis (north wind) and aurora australis .

o These belts are due to th?b)earth’s nonuniform
d

Charged particles Protons trapped
from sun enter earth’s in inner radiation
magnetic field ~_ \

X
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i S f charged particl
Velocity selector @ oiitee ofchinreed particles
q

* A velocity selector uses ?

perpendicular eleCtriC X X l_),>< X By the right-hand rule,
N ey the force of the B field
and magnetic fields to X ||"P&=T—>4*| | X on the charge points to
: | B the right.
select particles of a <[Pz 4|
1 | e=l—+ The force of the E field
SPeClﬁC Speed from a ol b | .|| ¢ on the charge points to
beam. il the left.
X |y 4_:_&,_ X
» What is the velocity of x| =t |« [OFnesative charee,
. | ne directions of both
the undetlected partICIGS? % I_;_:_><+ « forces are reversed.

Only if a charged
Fp=qE o Fp = quB vparticle has v = E/B
do the electric and magnetic
forces cancel. All other
particles are deflected.
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Thomson’s e/m experiment

* Thomson’s experiment measured the ratio e/m for the
electron. His apparatus 1s shown 1n Figure below.

|
4

Electrons travel from the calhodg to the screen.

Electron beam

Between plates P and P’ there
are mutually perpendicular,
uniform £ and B fields.
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An e/m experiment

» 27.5 In a Thomson experiment the accelerating
potential is 150 V and a deflecting electric field
iIs 6.0EGN/C

a) At what fraction of speed of light do the electrons
move?

b) What magnitude of the magnetic field you would
need?

c) With this magnetic field what will happen to the
electron beam 1f you increase the accelerating
potential above 150 V?
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Mass spectrometer

* A mass spectrometer
measures the masses of 10ons.

* The Bainbridge mass

spectrometer first uses a Vciloctity sc:tqccl;tOI-
. selects particles
velocity selector. Then the il

magnetic field separates the
particles by mass.

Particle
detector

I’nz \ lnl A

t@,/ -

—)

Magnetlc held separ ates pdl tlcles by mass;
the greater a particle’s mass, the larger is
Copyright © 2012 Pearson Education Inc. the l.adiUS O[' llS palh.




The magnetic force on a current-carrying conductor

* Figure shows the magnetic X X X ><t XX X
force on a moving positive  Drift Veloclty J

) X X

charge in a conductor. of charge (A 3
carriers X X &8l (X X

AN
X X X \E’d x| |x X
® s M /X X
F
X X X x| [x X
q

F=]/1xB x X x| x X |x x

N
IF = I X B X X X \X—"%_) X X

— B

X X X X j X X X
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The magnetic force on a current-carrying conductor

Force F on a straight wire carrying a positive
current and oriented at an angle ¢ to a
magnetic field B:

* Magnitude 1s F = IIB| = IIB sin ¢.

« Direction of F is given by the right-hand rule.

» force 1s perpendicular to
the wire segment and the
magnetic field.
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Loudspeaker

* Figure 27.28 shows a loudspeaker design. If the current in
the voice coil oscillates, the speaker cone oscillates at the

same frequency.

(a) (b)
Rigid \Z B ficld of vy
speaker / /\ permanen% N /

Magnets : cone A/ | L\ magnet | 1 |/ 4
[ »\\- [ | ". '. Direction 77— S4sa = \
| v | | of motion — Current in

of voice coil
and speaker
cone

voice coil

Flexible .

suspension "\ /|
Signal s v
from

GHPHAEE ™ 2 et i i sy
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Magnetic levitation

What is the direction of the magnetic field if we
want to levitate a current carrying rod
horizontally? Current is flowing from right to left.
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Magnetic force on a straight conductor

« Example 27.7 A straight horizontal copper rod carries a
current of 50.0A between poles of a large magnet 1.20T as
shown.

a) Find the magnitude and direction of the force on a one meter
section of the rod.

b) While keeping the rod horizontal how should it be oriented to
maximize the magnitude of the force? What is the force
magnitude in this case.

B=1.20T N /

S
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Magnetic force on a curved conductor

Example 27.8 The B-field is uniform as shown. The wire has a
segment sticking out of the plane with current direction into
the page and the curved part and straight part again. Find the
total magnetic force on these segments of wire.
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Force and torque on a current loop

Copyright © 2012 Pearson Education Inc.

The two pairs of forces acting on the loop cancel, so no net force acts on the loop.

However, the forces on the a sides of the loop (ﬁ and —F) produce a torque
7 = (IBa)(b sin ¢) on the loop. <

y
¢ is the angle h ¢ =
between a vector
normal to the loop
and the magnetic

field.

“'HL



b
Force and torque on’a current loop

* The net force on a
current loop 1n a
uniform magnetic
field is zero. But the
net torque 1s not, in
general, equal to
Zero.

rd
<

The torque is maximal
when ¢ = 90° (so B 1s In
the plane of the loop).

e (direction normal to loop)

'\

(©

z (direction normal
. | to loop) The torque is zero when
® ¢ = 0° (as shown here) or
B (/)’ = 180°. In both cases,
__x B s perpendicular to the
plane of the loop.

—F =, The loop is in stable equi-
' . . . .
| = librium when ¢ = 0; it is
in unstable equilibrium
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Magnetic moment

s

* The right-hand rule to

I(-
determine the direction of //\1
¢

he magnetic moment of a

current loop. ;A; n /

A
i=IA magnetic dipole moment Ig\//
U= g p \)I

Torque on a current loop or magnetic dipole

T = UBsIing

T=UxB

Potential energy for a magnetic dipole
U=—U+B=—UBcoso
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Magnetic torque and potential energy of a coil

« Example 27.9 circular coil of 0.0500 m radius with 30 turns 1n a
horizontal plane. It carries a current of 5.00 A in a
counterclockwise viewed from above located in a uniform
magnetic field of 1.20T to the right. Find the magnetic moment
and torque.

« 27.10 If the coil rotates from 1ts original position to a position
where the magnetic moment 1s parallel to B what 1s the change in

potential energy? 7
% =90° B= 1.20-1i
N=00500n 2~

= —
I=5.00A
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How magnets work

* Follow the discussion in the text of magnetic (3) Unmagnetized iron: magnetic moments
dipoles and how magnets work. Use Figures AT onehted Hndomly:

27.36 (below) and 27.37 (right).

(a) Net force on this coil is away from north
pole of magnet. —_—

(b) In a bar magnet, the magnetic moments
are aligned.

b L (c) A magnetic field creates a torque on the
(b) Net force on same coil is toward south bar magnet that tends to align its dipole

pole of magnet. e moment with the B field.
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The direct-current motor

* Follow the discussion in the
text of the direct-current

motor. Use Figures 27.38
(right) and 27.39 (below).

* Follow Example 27.11. (b)

m
><T1
!

(a) Brushes are aligned with commutator (b) Rotor has turned 90°. (¢) Rotor has turned 180°.
segments.

Rotation axis
T4

* Current flows into the red side of the rotor « Each brush is in contact with both * The brushes are again aligned with commutator
and out of the blue side. commutator segments, so the current segments. This time the current flows into the

* Therefore the magnetic torque causes the bypasses the rotor altogether. blue side of the rotor and out of the red side.
rotor to spin counterclockwise. * No magnetic torque acts on the rotor. * Therefore the magnetic torque again causes the

rotor to spin counterclockwise.
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The Hall Effect

 Follow the discussion of the Hall effect in the text using Figure
27.41 below.

* Follow Example 27.12.

(a) Negative charge carriers (electrons) (b) Positive charge carriers
The charge carriers are pushed toward the top The charge carriers are again pushed toward the

of the strip ... % top of the strip ... }
: Pt

/By a J

... SO point a 1s at a highef potential than point b. ... so the polarity of the potential difference is
opposite to that for negative charge carriers.
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Q27.1 )

A beam of electrons (which have negative charge

q) is coming straight toward you. You put the
north pole of a magnet directly above the beam. N
The magneticBield from the magnet points B
straight down. Which way will the electron beam l
deflect?

A. upward °

B. downward /

C. to the left

Beam of
D. to the right electrons coming

E. It won’t deflect at all. toward you
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Q27.2 5’\'

When a charged particle moves through a magnetic field,

the direction of the magnetic force on the particle at a
certain point is

A. in the direction of the magnetic field at that point.

B. opposite to the direction of the magnetic field at that
point.

C. perpendicular to the magnetic field at that point.
D. none of the above

E. The answer depends on the sign of the particle’s
electric charge.
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Q27.3

A particle with a positive Y
charge moves in the xz-plane l/
as shown. The magnetic field ‘¢

IS in the positive z-direction. 2

The magnetic force on the 30°\ 7
particle is in /

A. the positive x-direction.
B. the negative x-direction.
C. the positive y-direction.
D. the negative y-direction.

E. none of these
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Q27.4 S"I

A particle with charge g = -1 C is moving in the positive
z-direction at 5 m/s. The magnetic field at its position is

B=(3i-4j)T
What is the magnetic force on the particle?
A. (200 +157)N
B. (20/-15/)N
C.(-20i +15))N
D. (-20i -15/)N

E. none of these
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Q27.5 5"]

A positively charged particle moves in the positive z-direction.
The magnetic force on the particle is in the positive y-direction.

What can you conclude about the x-component of the magnetic
field at the particle’s position?

A.B,>0
B.B, =0
C.B,<0

D. not enough information given to decide

Copyright © 2012 Pearson Education Inc.



Q27.6 5"]

A positively charged particle moves in the positive z-direction.
The magnetic force on the particle is in the positive y-direction.

What can you conclude about the y-component of the magnetic
field at the particle’s position?

A.B,>0
B.B,=0
C.B,<0

D. not enough information given to decide
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Q27.7 S"l

A positively charged particle moves in the positive z-direction.
The magnetic force on the particle is in the positive y-

direction. What can you conclude about the z-component of
the magnetic field at the particle’s position?

A.B,>0
B.B,=0
C.B,<0

D. not enough information given to decide

Copyright © 2012 Pearson Education Inc.



Q27.8 5’\.

Under what circumstances is the total magnetic flux
through a closed surface positive?

A. if the surface encloses the north pole of a
magnet, but not the south pole

B. if the surface encloses the south pole of a
magnet, but not the north pole

C. if the surface encloses both the north and south
poles of a magnet

D. none of the above
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Q27.9 5’\'

When a charged particle moves through a magnetic field,
the trajectory of the particle at a given point is

A. parallel to the magnetic field line that passes
through that point.

B. perpendicular to the magnetic field line that
passes through that point.

C. neither parallel nor perpendicular to the
magnetic field line that passes through that point.

D. any of the above, depending on circumstances.
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Q27.10 5"]

A charged particle moves through a region of space that
has both a uniform electric field and a uniform magnetic

field. In order for the particle to move through this region at
a constant velocity,

A. the electric and magnetic fields must point in the same
direction.

B. the electric and magnetic fields must point in opposite
directions.

C. the electric and magnetic fields must point in
perpendicular directions.

D. The answer depends on the sign of the particle’s
electric charge.
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Q27.11 5’\'

A circular loop of wire carries a constant current. If the loop
IS placed in a region of uniform magnetic field, the net
magnetic force on the loop is

A. perpendicular to the plane of the loop, in a direction
given by a right-hand rule.

B. perpendicular to the plane of the loop, in a direction
given by a left-hand rule.

C. in the same plane as the loop.

D. zero.

E. The answer depends on the magnitude and direction of
the current and on the magnitude and direction of the
magnetic field.
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Q27.12 5’\'

A circular loop of wire carries a constant current. If the loop
IS placed in a region of uniform magnetic field, the net
magnetic torque on the loop

A. tends to orient the loop so that its plane is perpendicular
to the direction of the magnetic field.

B. tends to orient the loop so that its plane is edge-on to
the direction of the magnetic field.

C. tends to make the loop rotate around its axis.

D. is zero.

E. The answer depends on the magnitude and direction of
the current and on the magnitude and direction of the
magnetic field.
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