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Last time

• introduced magnetism

• magnetic field

• Earth’s magnetic field

• force on a moving charge



Warm Up Questions: Applying the Force equation

FB = q v × B

A positively charged particle with velocity v travels through a
uniform magnetic field B. What is the direction of the magnetic
force FB on the particle?
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An earlier (non-SI) unit for , still in common use, is the gauss (G), and

1 tesla ! 104 gauss. (28-5)

Table 28-1 lists the magnetic fields that occur in a few situations. Note that Earth’s
magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).
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Table 28-1

Some Approximate Magnetic Fields

At surface of neutron star 108 T
Near big electromagnet 1.5 T
Near small bar magnet 10"2 T
At Earth’s surface 10"4 T
In interstellar space 10"10 T
Smallest value in 

magnetically 
shielded room 10"14 T

Fig. 28-4 (a) The magnetic field
lines for a bar magnet. (b) A “cow
magnet”—a bar magnet that is in-
tended to be slipped down into the ru-
men of a cow to prevent accidentally
ingested bits of scrap iron from reach-
ing the cow’s intestines.The iron filings
at its ends reveal the magnetic field
lines. (Courtesy Dr. Richard Cannon,
Southeast Missouri State University,
Cape Girardeau)
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Opposite magnetic poles attract each other, and like magnetic poles repel each other.

Magnetic Field Lines
We can represent magnetic fields with field lines, as we did for electric fields.
Similar rules apply: (1) the direction of the tangent to a magnetic field line at
any point gives the direction of at that point, and (2) the spacing of the lines
represents the magnitude of —the magnetic field is stronger where the lines
are closer together, and conversely.

Figure 28-4a shows how the magnetic field near a bar magnet (a permanent
magnet in the shape of a bar) can be represented by magnetic field lines.The lines
all pass through the magnet, and they all form closed loops (even those that
are not shown closed in the figure).The external magnetic effects of a bar magnet
are strongest near its ends, where the field lines are most closely spaced.Thus, the
magnetic field of the bar magnet in Fig. 28-4b collects the iron filings mainly near
the two ends of the magnet.

The (closed) field lines enter one end of a magnet and exit the other end. The
end of a magnet from which the field lines emerge is called the north pole of the
magnet; the other end, where field lines enter the magnet, is called the south pole.
Because a magnet has two poles, it is said to be a magnetic dipole. The magnets we
use to fix notes on refrigerators are short bar magnets. Figure 28-5 shows two other
common shapes for magnets: a horseshoe magnet and a magnet that has been bent
around into the shape of a C so that the pole faces are facing each other. (The mag-
netic field between the pole faces can then be approximately uniform.) Regardless
of the shape of the magnets, if we place two of them near each other we find:
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The figure shows three
situations in which a
charged particle with ve-
locity travels through
a uniform magnetic field

. In each situation,
what is the direction of
the magnetic force 
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
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region of Earth. Thus, the south pole of Earth’s magnetic field must be located
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.
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Overview

• charged particles’ motion in magnetic fields



Force on a Moving Charge

The force on a moving electric charge in a magnetic field:

FB = q v × B

where B is the magnetic field, v is the velocity of the charge,
and q is the electric charge.

The magnitude of the force is given by:

FB = q vB sin θ

if θ is the angle between the v and B vectors.



Magnetic field direction reminder
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Figure 29.7 Representations of 
magnetic field lines perpendicu-
lar to the page.
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 is directed perpendicularly into the page, we use green crosses, which 
represent the feathered tails of arrows fired away from you, as in Figure 29.7b. In 
this case, the field is labeled B

S
in, where the subscript “in” indicates “into the page.” 

The same notation with crosses and dots is also used for other quantities that might 
be perpendicular to the page such as forces and current directions.
 In Section 29.1, we found that the magnetic force acting on a charged particle 
moving in a magnetic field is perpendicular to the particle’s velocity and conse-
quently the work done by the magnetic force on the particle is zero. Now consider 
the special case of a positively charged particle moving in a uniform magnetic field 
with the initial velocity vector of the particle perpendicular to the field. Let’s assume 
the direction of the magnetic field is into the page as in Figure 29.8. The particle 
in a field model tells us that the magnetic force on the particle is perpendicular to 
both the magnetic field lines and the velocity of the particle. The fact that there is 
a force on the particle tells us to apply the particle under a net force model to the 
particle. As the particle changes the direction of its velocity in response to the mag-
netic force, the magnetic force remains perpendicular to the velocity. As we found 
in Section 6.1, if the force is always perpendicular to the velocity, the path of the 
particle is a circle! Figure 29.8 shows the particle moving in a circle in a plane per-
pendicular to the magnetic field. Although magnetism and magnetic forces may be 
new and unfamiliar to you now, we see a magnetic effect that results in something 
with which we are familiar: the particle in uniform circular motion model!
 The particle moves in a circle because the magnetic force F

S
B is perpendicu-

lar to vS and B
S

 and has a constant magnitude qvB. As Figure 29.8 illustrates, the  

Figure 29.8 When the velocity of 
a charged particle is perpendicular 
to a uniform magnetic field, the 
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Force on a Moving Charge

For example: here the dots indicate the field is directed upward out
of the slide.

73928-3 TH E DE FI N ITION OF B
PART 3
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Fig. 28-5 (a) A horseshoe magnet and (b) a C-shaped magnet. (Only some of the
external field lines are shown.)

N S 

S

N

(a) (b)

The field lines run from
the north pole to the
south pole.

Sample Problem

Direction: To find the direction of , we use the fact that 
has the direction of the cross product Because the
charge q is positive, must have the same direction as 
which can be determined with the right-hand rule for cross
products (as in Fig. 28-2d).We know that is directed horizon-
tally from south to north and is directed vertically up. The
right-hand rule shows us that the deflecting force must be 
directed horizontally from west to east, as Fig. 28-6 shows. (The
array of dots in the figure represents a magnetic field directed
out of the plane of the figure.An array of Xs would have repre-
sented a magnetic field directed into that plane.)

If the charge of the particle were negative, the magnetic
deflecting force would be directed in the opposite direction—
that is, horizontally from east to west. This is predicted auto-
matically by Eq. 28-2 if we substitute a negative value for q.

F
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B
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:

v:

! B
:

,v:F
:

B

! B
:

.qv:
F
:

BF
:

B

a !
FB

m
!

6.1 " 10#15 N
1.67 " 10#27 kg

! 3.7 " 1012 m/s2.

Magnetic force on a moving charged particle

A uniform magnetic field , with magnitude 1.2 mT, is
directed vertically upward throughout the volume of a labo-
ratory chamber. A proton with kinetic energy 5.3 MeV en-
ters the chamber, moving horizontally from south to north.
What magnetic deflecting force acts on the proton as it en-
ters the chamber? The proton mass is 1.67 " 10#27 kg.
(Neglect Earth’s magnetic field.)

Because the proton is charged and moving through a mag-
netic field, a magnetic force can act on it. Because the ini-
tial direction of the proton’s velocity is not along a magnetic
field line, is not simply zero.

Magnitude: To find the magnitude of , we can use Eq. 28-3
provided we first find the proton’s speed v.

We can find v from the given kinetic energy because
. Solving for v, we obtain

Equation 28-3 then yields

(Answer)

This may seem like a small force, but it acts on a particle of
small mass, producing a large acceleration; namely,

! 6.1 " 10#15 N.
" (1.2 " 10#3 T)(sin 90$)

! (1.60 " 10#19 C)(3.2 " 107 m/s)
FB ! |q|vB sin %

 ! 3.2 " 107 m/s.

 v ! A 2K
m

! A (2)(5.3 MeV)(1.60 " 10#13 J/MeV)
1.67 " 10#27 kg

K ! 1
2 mv2

(FB ! |q|vB sin %)
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F
:

B

B
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KEY I DEAS

Additional examples, video, and practice available at WileyPLUS
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Path of proton

+

v
B

Fig. 28-6 An overhead view of a proton moving from south to
north with velocity in a chamber. A magnetic field is directed
vertically upward in the chamber, as represented by the array of
dots (which resemble the tips of arrows).The proton is deflected
toward the east.
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The force on the particle is ⊥ to its velocity and the field.

1Figure from Halliday, Resnick, Walker, 9th ed.



Circular Motion of a Charge

If a charge enters a magnetic field with a velocity at right angles to
the field, it will feel a force perpendicular to its velocity.

This will change its trajectory, but not its speed.
⇒ Uniform Circular Motion!

The radius of the circle will depend on 4 things:

• mass of the particle

• charge of the particle

• initial velocity

• strength of the field



Circular Motion of a Charge

 29.2 Motion of a Charged Particle in a Uniform Magnetic Field 875

a

b

Magnetic field lines coming 
out of the paper are indicated 
by dots, representing the tips 
of arrows coming outward.

Magnetic field lines going 
into the paper are indicated 
by crosses, representing the 
feathers of arrows going 
inward.
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of arrows coming outward.

Magnetic field lines going 
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feathers of arrows going 
inward.
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Figure 29.7 Representations of 
magnetic field lines perpendicu-
lar to the page.

B
S

out. If B
S

 is directed perpendicularly into the page, we use green crosses, which 
represent the feathered tails of arrows fired away from you, as in Figure 29.7b. In 
this case, the field is labeled B

S
in, where the subscript “in” indicates “into the page.” 

The same notation with crosses and dots is also used for other quantities that might 
be perpendicular to the page such as forces and current directions.
 In Section 29.1, we found that the magnetic force acting on a charged particle 
moving in a magnetic field is perpendicular to the particle’s velocity and conse-
quently the work done by the magnetic force on the particle is zero. Now consider 
the special case of a positively charged particle moving in a uniform magnetic field 
with the initial velocity vector of the particle perpendicular to the field. Let’s assume 
the direction of the magnetic field is into the page as in Figure 29.8. The particle 
in a field model tells us that the magnetic force on the particle is perpendicular to 
both the magnetic field lines and the velocity of the particle. The fact that there is 
a force on the particle tells us to apply the particle under a net force model to the 
particle. As the particle changes the direction of its velocity in response to the mag-
netic force, the magnetic force remains perpendicular to the velocity. As we found 
in Section 6.1, if the force is always perpendicular to the velocity, the path of the 
particle is a circle! Figure 29.8 shows the particle moving in a circle in a plane per-
pendicular to the magnetic field. Although magnetism and magnetic forces may be 
new and unfamiliar to you now, we see a magnetic effect that results in something 
with which we are familiar: the particle in uniform circular motion model!
 The particle moves in a circle because the magnetic force F

S
B is perpendicu-

lar to vS and B
S

 and has a constant magnitude qvB. As Figure 29.8 illustrates, the  

Figure 29.8 When the velocity of 
a charged particle is perpendicular 
to a uniform magnetic field, the 
particle moves in a circular path in 
a plane perpendicular to B
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Circular Motion of a Charge

Electrons in a uniform magnetic field: 74528-6 A CI RCU LATI NG CHARG E D PARTICLE
PART 3

HALLIDAY REVISED

(radius). (28-16)

The period T (the time for one full revolution) is equal to the circumference 
divided by the speed:

(period). (28-17)

The frequency f (the number of revolutions per unit time) is

(frequency). (28-18)

The angular frequency v of the motion is then

(angular frequency). (28-19)

The quantities T, f, and v do not depend on the speed of the particle (provided
the speed is much less than the speed of light). Fast particles move in large circles
and slow ones in small circles, but all particles with the same charge-to-mass
ratio |q|/m take the same time T (the period) to complete one round trip. Using
Eq. 28-2, you can show that if you are looking in the direction of , the direction
of rotation for a positive particle is always counterclockwise, and the direction for
a negative particle is always clockwise.

Helical Paths
If the velocity of a charged particle has a component parallel to the (uniform)
magnetic field, the particle will move in a helical path about the direction of the field

B
:

! " 2# f "
|q|B
m

f "
1
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"
|q|B
2#m

T "
2#r

v
"

2#

v
 

mv
|q|B

"
2#m
|q|B

r "
mv
|q|B

B

FB

v

Fig. 28-10 Electrons circulating in a chamber containing gas at low pressure (their path
is the glowing circle). A uniform magnetic field , pointing directly out of the plane of
the page, fills the chamber. Note the radially directed magnetic force ; for circular motion toF

:
B

B
:

occur, must point toward the center of the circle.Use the right-hand rule for cross products toF
:

B

confirm that gives the proper direction.(Don’t forget the sign of q.)
(Courtesy John Le P.Webb, Sussex University, England)
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University.



Circular Motion of a Charge

To find the radius:
Fnet = Fc = FB

Since v and B are perpendicular FB = qvB:

mv2

r
= |q|vB

r =
mv

|q|B

The sign of q will determine whether the charge circulates
clockwise or counter-clockwise.

mv2

r
= |q|vB



Circular Motion of a Charge

To find the radius:
Fnet = Fc = FB

Since v and B are perpendicular FB = qvB:

mv2

r
= |q|vB

r =
mv

|q|B

The sign of q will determine whether the charge circulates
clockwise or counter-clockwise.

mv2
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Question
The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field B, which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive).

Which particle follows the smaller circle?

(a) (c)(b)

FB

p 

r 
q 

φ v ⊥ 

v⎪⎪ 

q 

φ 

v⎪⎪ 

v ⊥ 

φ 

+ + 

Particle Spiral path

FB

v 

v 
B 

B 

B

B BF

The velocity component 
perpendicular to the field 
causes circling, which is
stretched upward by the 
parallel component.

Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.

v:
B
:

746 CHAPTE R 28 MAG N ETIC F I E LDS

HALLIDAY REVISED

vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
:

v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
:

B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).

B
:

v:

B
:

v:
B
:

B
:

KEY I DEAS
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(A) proton

(B) electron
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Question
The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field B, which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive).

Which particle follows the smaller circle?

(a) (c)(b)
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The velocity component 
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causes circling, which is
stretched upward by the 
parallel component.

Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
:

B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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Question
The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field B, which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive).

Which particle travels clockwise (as viewed in the diagram)?

(a) (c)(b)
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The velocity component 
perpendicular to the field 
causes circling, which is
stretched upward by the 
parallel component.

Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
:

B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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Question
The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field B, which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive).

Which particle travels clockwise (as viewed in the diagram)?

(a) (c)(b)
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
:

B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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Circular Motion of a Charge

Can you find the period T for the orbit? (Time for the particle to
make a full circle?)

T =
2πr

v

T =
2πm

|q|B

Also, angular frequency

ω =
|q|B

m
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Circular Motion of a Charge

Can you find the period T for the orbit? (Time for the particle to
make a full circle?)
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More general case
What if the velocity vector of a charge particle is not perpendicular
to the magnetic field?

There will be some component of the velocity in the direction of
the magnetic field.

(a) (c)(b)
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".
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CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
:

B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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For the cross product:

|v × B| = vB sinφ = (v sinφ)B = v⊥B

The force will not depend on the ‖-component and the
‖-component of velocity will not be changed.



More general case
What if the velocity vector of a charge particle is not perpendicular
to the magnetic field?

There will be some component of the velocity in the direction of
the magnetic field.
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
:

v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
:

B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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For the cross product:

|v × B| = vB sinφ = (v sinφ)B = v⊥B

The force will not depend on the ‖-component and the
‖-component of velocity will not be changed.



More general case
What if the velocity vector of a charge particle is not perpendicular
to the magnetic field?

There will be some component of the velocity in the direction of
the magnetic field.
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
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B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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For the cross product:

|v × B| = vB sinφ = (v sinφ)B = v⊥B

The force will not depend on the ‖-component and the
‖-component of velocity will not be changed.



Helical Trajectories
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
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B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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Helical Trajectories
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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v:

CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
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B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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The pitch, p, of the helix is

p = v‖T =
2πv‖m

|q|B

where T is the time period.

The radius is

r =
mv⊥
|q|B

using our equation from earlier.



Non-Uniform Fields: Magnetic Bottle
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Fig. 28-11 (a) A charged particle moves
in a uniform magnetic field , the particle’s
velocity making an angle f with the field
direction. (b) The particle follows a helical
path of radius r and pitch p. (c) A charged
particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
spiraling back and forth between the strong
field regions at either end.) Note that the
magnetic force vectors at the left and right
sides have a component pointing toward
the center of the figure.
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vector. Figure 28-11a, for example, shows the velocity vector of such a particle re-
solved into two components, one parallel to and one perpendicular to it:

(28-20)

The parallel component determines the pitch p of the helix—that is, the distance
between adjacent turns (Fig. 28-11b). The perpendicular component determines
the radius of the helix and is the quantity to be substituted for v in Eq. 28-16.

Figure 28-11c shows a charged particle spiraling in a nonuniform magnetic
field. The more closely spaced field lines at the left and right sides indicate that
the magnetic field is stronger there.When the field at an end is strong enough, the
particle “reflects” from that end. If the particle reflects from both ends, it is said to
be trapped in a magnetic bottle.

v, ! v cos "  and  v! ! v sin ".

B
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CHECKPOINT 3

The figure here shows the circular paths of two particles that travel
at the same speed in a uniform magnetic field , which is directed
into the page. One particle is a proton; the other is an electron
(which is less massive). (a) Which particle follows the smaller circle,
and (b) does that particle travel clockwise or counterclockwise?

B
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B

Sample Problem

Calculations: Using Eqs. 28-20 and 28-17, we find

(28-21)

Calculating the electron’s speed v from its kinetic energy,
find that v ! 2.81 # 106 m/s. Substituting this and known
data in Eq. 28-21 gives us

(Answer) ! 9.16 cm.

 #
2$(9.11 # 10%31 kg)

(1.60 # 10%19 C)(4.55 # 10%4 T)

p ! (2.81 # 106 m/s)(cos 65.5&)

p ! v,T ! (v cos ") 
2$m
|q|B

.

Additional examples, video, and practice available at WileyPLUS

Helical motion of a charged particle in a magnetic field

An electron with a kinetic energy of 22.5 eV moves into a
region of uniform magnetic field of magnitude 4.55 #
10%4 T. The angle between the directions of and the elec-
tron’s velocity is 65.5°. What is the pitch of the helical
path taken by the electron?

(1) The pitch p is the distance the electron travels parallel to
the magnetic field during one period T of circulation. (2)
The period T is given by Eq. 28-17 regardless of the angle
between the directions of and (provided the angle is not
zero, for which there is no circulation of the electron).
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Non-Uniform Fields: Van Allen Belts
Earth’s magnetic field acts as a magnetic bottle for cosmic rays.

 29.3 Applications Involving Charged Particles Moving in a Magnetic Field 879

tion is known as a magnetic bottle because charged particles can be trapped within it. 
The magnetic bottle has been used to confine a plasma, a gas consisting of ions and 
electrons. Such a plasma-confinement scheme could fulfill a crucial role in the con-
trol of nuclear fusion, a process that could supply us in the future with an almost 
endless source of energy. Unfortunately, the magnetic bottle has its problems. If a 
large number of particles are trapped, collisions between them cause the particles 
to eventually leak from the system.
 The Van Allen radiation belts consist of charged particles (mostly electrons and 
protons) surrounding the Earth in doughnut-shaped regions (Fig. 29.12). The par-
ticles, trapped by the Earth’s nonuniform magnetic field, spiral around the field 
lines from pole to pole, covering the distance in only a few seconds. These par-
ticles originate mainly from the Sun, but some come from stars and other heavenly 
objects. For this reason, the particles are called cosmic rays. Most cosmic rays are 
deflected by the Earth’s magnetic field and never reach the atmosphere. Some of 
the particles become trapped, however, and it is these particles that make up the 
Van Allen belts. When the particles are located over the poles, they sometimes col-
lide with atoms in the atmosphere, causing the atoms to emit visible light. Such 
collisions are the origin of the beautiful aurora borealis, or northern lights, in 
the northern hemisphere and the aurora australis in the southern hemisphere. 
Auroras are usually confined to the polar regions because the Van Allen belts are 
nearest the Earth’s surface there. Occasionally, though, solar activity causes larger 
numbers of charged particles to enter the belts and significantly distort the normal 
magnetic field lines associated with the Earth. In these situations, an aurora can 
sometimes be seen at lower latitudes.

29.3  Applications Involving Charged Particles  
Moving in a Magnetic Field

A charge moving with a velocity vS in the presence of both an electric field E
S

 and 
a magnetic field B

S
 is described by two particle in a field models. It experiences 

both an electric force q E
S

 and a magnetic force qvS 3 B
S

. The total force (called the 
Lorentz force) acting on the charge is

 F
S

5 q E
S

1 qvS 3 B
S

 (29.6)

Figure 29.12  The Van Allen 
belts are made up of charged 
particles trapped by the Earth’s 
nonuniform magnetic field. The 
magnetic field lines are in green, 
and the particle paths are dashed 
black lines.

Path of
particle

The magnetic force exerted on 
the particle near either end of 
the bottle has a component that 
causes the particle to spiral back 
toward the center.

!

Figure 29.11  A charged particle 
moving in a nonuniform magnetic 
field (a magnetic bottle) spirals 
about the field and oscillates 
between the endpoints.



Non-Uniform Fields: Van Allen Belts
When these charges particles in the belts are disturbed by the solar
wind they can drop down into the atmosphere.

1Figure by NASA.



Non-Uniform Fields: Van Allen Belts
When these charges particles in the belts are disturbed by the solar
wind they can drop down into the atmosphere. The resulting glow
is the aurora borealis.

1Photo by Donald R. Pettit, Expedition Six NASA ISS science officer, 2013.



The Lorentz Force

A charged particle can be affected by both electric and magnetic
fields.

This means that the total force on a charge is the sum of the
electric and magnetic forces:

F = q E + q v × B

This total force is called the Lorentz force.

This can always be used to deduce the electromagnetic force on a
charged particle in E- or B-fields.



Velocity Selector: Using both electric and magnetic
fields

Charges are accelerated with and electric field then travel down a
channel with uniform electric and magnetic fields.

880 Chapter 29 Magnetic Fields

Velocity Selector
In many experiments involving moving charged particles, it is important that all 
particles move with essentially the same velocity, which can be achieved by applying 
a combination of an electric field and a magnetic field oriented as shown in Figure 
29.13. A uniform electric field is directed to the right (in the plane of the page in 
Fig. 29.13), and a uniform magnetic field is applied in the direction perpendicular 
to the electric field (into the page in Fig. 29.13). If q is positive and the velocity  
vS is upward, the magnetic force q vS 3 B

S
 is to the left and the electric force q E

S
 is 

to the right. When the magnitudes of the two fields are chosen so that qE 5 qvB, 
the forces cancel. The charged particle is modeled as a particle in equilibrium and 
moves in a straight vertical line through the region of the fields. From the expres-
sion qE 5 qvB, we find that

 v 5
E
B

 (29.7)

Only those particles having this speed pass undeflected through the mutually perpen-
dicular electric and magnetic fields. The magnetic force exerted on particles moving 
at speeds greater than that is stronger than the electric force, and the particles are 
deflected to the left. Those moving at slower speeds are deflected to the right.

The Mass Spectrometer
A mass spectrometer separates ions according to their mass-to-charge ratio. In one 
version of this device, known as the Bainbridge mass spectrometer, a beam of ions first 
passes through a velocity selector and then enters a second uniform magnetic  
field B

S
0 that has the same direction as the magnetic field in the selector (Fig. 29.14). 

Upon entering the second magnetic field, the ions are described by the particle in 
uniform circular motion model. They move in a semicircle of radius r before strik-
ing a detector array at P. If the ions are positively charged, the beam deflects to the 
left as Figure 29.14 shows. If the ions are negatively charged, the beam deflects to 
the right. From Equation 29.3, we can express the ratio m/q as
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Figure 29.14 A mass spectrome-
ter. Positively charged particles are 
sent first through a velocity selector 
and then into a region where the 
magnetic field B

S
0  causes the parti-

cles to move in a semicircular path 
and strike a detector array at P.
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Figure 29.13 A velocity selector. 
When a positively charged particle 
is moving with velocity vS in the pres-
ence of a magnetic field directed 
into the page and an electric field 
directed to the right, it experiences 
an electric force q E

S
 to the right and 

a magnetic force qvS 3 B
S

 to the left.



Velocity Selector: Using both electric and magnetic
fields

The particles only reach the end of the channel if F = 0.

F = q E + q v × B

so that means
qE = −qv × B

supposing v and B are perpendicular:

v =
E

B



Summary

• magnetic field lines

• charged particles in crossed-fields

• properties of the electron

Homework Serway & Jewett:

• PREVIOUS: Ch 29, Obj Qs: 1, 3, 5; Conc. Qs: 1, 7;
Problems: 1, 8, 9

• Ch 29, Obj Qs: 7; Problems: 13, 15, 23, 73, 80


