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Last time

• magnets

• magnetic field



Overview

• Earth’s magnetic field

• magnetic force on a charge

• motion of a charge in a B-field

• charge in electric and magnetic fields



Compasses and the Earth’s Magnetic field

The Earth has a magnetic field.

This is how compasses detect which way North is.

Compasses have a small needle magnet inside, that rotates to align
with the Earth’s B-field.

The strength of the Earth’s field at Earth’s surface is ∼ 1 Gauss.



Compasses and the Earth’s Magnetic field
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The Magnetism of Earth
Earth is a huge magnet; for points near Earth’s surface, its magnetic field can be 
approximated as the field of a huge bar magnet—a magnetic dipole—that strad-
dles the center of the planet. Figure 32-8 is an idealized symmetric depiction of the
dipole field, without the distortion caused by passing charged particles from the Sun.

Because Earth’s magnetic field is that of a magnetic dipole, a magnetic dipole
moment is associated with the field. For the idealized field of Fig. 32-8, the !:

Fig. 32-9 A magnetic profile of the seafloor on either side of the Mid-
Atlantic Ridge.The seafloor, extruded through the ridge and spreading out
as part of the tectonic drift system, displays a record of the past magnetic his-
tory of Earth’s core.The direction of the magnetic field produced by the core
reverses about every million years.
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Fig. 32-8 Earth’s magnetic field
represented as a dipole field.The di-
pole axis MM makes an angle of
11.5° with Earth’s rotational axis RR.
The south pole of the dipole is
in Earth’s Northern Hemisphere.
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For Earth, the south pole
of the dipole is actually
in the north.

magnitude of is 8.0 " 1022 J/T and the direction of makes an angle of 11.5°
with the rotation axis (RR) of Earth. The dipole axis (MM in Fig. 32-8) lies along

and intersects Earth’s surface at the geomagnetic north pole off the northwest
coast of Greenland and the geomagnetic south pole in Antarctica.The lines of the
magnetic field generally emerge in the Southern Hemisphere and reenter
Earth in the Northern Hemisphere. Thus, the magnetic pole that is in Earth’s
Northern Hemisphere and known as a “north magnetic pole” is really the south
pole of Earth’s magnetic dipole.

The direction of the magnetic field at any location on Earth’s surface is com-
monly specified in terms of two angles. The field declination is the angle (left or
right) between geographic north (which is toward 90° latitude) and the horizon-
tal component of the field.The field inclination is the angle (up or down) between
a horizontal plane and the field’s direction.

Magnetometers measure these angles and determine the field with much pre-
cision. However, you can do reasonably well with just a compass and a dip meter.
A compass is simply a needle-shaped magnet that is mounted so it can rotate
freely about a vertical axis. When it is held in a horizontal plane, the north-pole
end of the needle points, generally, toward the geomagnetic north pole (really a
south magnetic pole, remember). The angle between the needle and geographic
north is the field declination. A dip meter is a similar magnet that can rotate
freely about a horizontal axis. When its vertical plane of rotation is aligned with
the direction of the compass, the angle between the meter’s needle and the hori-
zontal is the field inclination.

At any point on Earth’s surface, the measured magnetic field may differ
appreciably, in both magnitude and direction, from the idealized dipole field of
Fig. 32-8. In fact, the point where the field is actually perpendicular to Earth’s
surface and inward is not located at the geomagnetic north pole off Greenland as
we would expect; instead, this so-called dip north pole is located in the Queen
Elizabeth Islands in northern Canada, far from Greenland.

In addition, the field observed at any location on the surface of Earth varies
with time, by measurable amounts over a period of a few years and by substantial
amounts over, say, 100 years. For example, between 1580 and 1820 the direction
indicated by compass needles in London changed by 35°.

In spite of these local variations, the average dipole field changes only slowly
over such relatively short time periods. Variations over longer periods can be
studied by measuring the weak magnetism of the ocean floor on either side of the
Mid-Atlantic Ridge (Fig. 32-9). This floor has been formed by molten magma
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Compasses and the Earth’s Magnetic field

North poles of magnets point northward, so the magnetic pole that
points (roughly) North is a south pole

The poles of magnets are perhaps more accurately called:

• north-seeking pole

• south-seeking pole

but almost always they are just called “north” and “south” poles.



Magnetic Fields and Force

If there were magnetic monopoles, deriving a relation between the
force on one and the magnetic field it experiences would be easy:
just the same as the case for electric fields.

Deriving the force on a magnetic dipole from another dipole is
more difficult.

The easiest place to start: the force on a moving electric charge in
a magnetic field.

Electric charges can also be affected by 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.

Notice this is similar to the relation between electrostatic force and
electric field.

FE = qE −→ FB = qv × B



Force on a Moving Charge
The force on a moving electric charge in a magnetic field:

FB = q v × B

The magnitude of the force is given by:

FB = q vB sin θ

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

For the direction, right hand rule:
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the force is equal to zero if the charge is zero or if the particle is stationary.
Equation 28-3 also tells us that the magnitude of the force is zero if and are
either parallel (f ! 0°) or antiparallel (f ! 180°), and the force is at its 
maximum when and are perpendicular to each other.

Equation 28-2 tells us all this plus the direction of . From Section 3-8,
we know that the cross product in Eq. 28-2 is a vector that is perpendicu-
lar to the two vectors and . The right-hand rule (Figs. 28-2a through c) tells us
that  the thumb of the right hand points in the direction of when the 
fingers sweep into . If q is positive, then (by Eq. 28-2) the force has the
same sign as and thus must be in the same direction; that is, for positive q,

is directed along the thumb (Fig. 28-2d). If q is negative, then the force and
cross product have opposite signs and thus must be in opposite directions.
For negative q, is directed opposite the thumb (Fig. 28-2e).

Regardless of the sign of the charge, however,
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The force acting on a charged particle moving with velocity through 
a magnetic field is always perpendicular to and .B
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Thus, never has a component parallel to . This means that cannot change
the particle’s speed v (and thus it cannot change the particle’s kinetic energy).
The force can change only the direction of (and thus the direction of travel);
only in this sense can accelerate the particle.

To develop a feeling for Eq. 28-2, consider Fig. 28-3, which shows some tracks
left by charged particles moving rapidly through a bubble chamber. The chamber,
which is filled with liquid hydrogen, is immersed in a strong uniform magnetic
field that is directed out of the plane of the figure. An incoming gamma ray parti-
cle—which leaves no track because it is uncharged—transforms into an electron
(spiral track marked e") and a positron (track marked e#) while it knocks an
electron out of a hydrogen atom (long track marked e"). Check with Eq. 28-2 and
Fig. 28-2 that the three tracks made by these two negative particles and one posi-
tive particle curve in the proper directions.

The SI unit for that follows from Eqs. 28-2 and 28-3 is the newton per
coulomb-meter per second. For convenience, this is called the tesla (T):

Recalling that a coulomb per second is an ampere, we have
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Fig. 28-3 The tracks of two
electrons (e") and a positron
(e#) in a bubble chamber that is
immersed in a uniform mag-
netic field that is directed out of
the plane of the page.
(Lawrence Berkeley
Laboratory/Photo Researchers)
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Force on a Moving Charge
The force on a moving electric charge in a magnetic field:

FB = q v × B

The magnitude of the force is given by:

FB = q vB sin θ

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

For the direction, right hand rule:
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the force is equal to zero if the charge is zero or if the particle is stationary.
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Force on a Moving Charge
The force on a moving electric charge in a magnetic field:

FB = q v × B

The magnitude of the force is given by:

FB = q vB sin θ

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

For the direction, right hand rule:
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the force is equal to zero if the charge is zero or if the particle is stationary.
Equation 28-3 also tells us that the magnitude of the force is zero if and are
either parallel (f ! 0°) or antiparallel (f ! 180°), and the force is at its 
maximum when and are perpendicular to each other.
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Force on a Moving Charge

Because this expression involves 3-dimensions, it can be difficult to
draw all the vectors involved.

To make diagrams simpler, the magnetic field is often drawn going
directly down in to the page or straight up out of it. (⊥ to the
plane of the diagram).

Dots (· · ·) or circle-dots (� � �) represent field coming up out
of the page.

Crosses (× × ×) or circle-crosses (⊗ ⊗ ⊗) represent field going
down into the page.



Magnetic field direction

B points out of the page. B points into the page.

 29.2 Motion of a Charged Particle in a Uniform Magnetic Field 875
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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
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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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Force on a Moving Charge

For example: here the dots indicate the field is directed upward out
of the slide.
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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.)
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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.
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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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Additional examples, video, and practice available at WileyPLUS
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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.



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).

B
:

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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(a) 

(b)

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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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.

halliday_c28_735-763v2.qxd  27-11-2009  16:19  Page 738

(A) +z

(B) −z

(C) −x

(D) none



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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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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tended to be slipped down into the ru-
men of a cow to prevent accidentally
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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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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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magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).
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tended to be slipped down into the ru-
men of a cow to prevent accidentally
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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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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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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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At surface of neutron star 108 T
Near big electromagnet 1.5 T
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At Earth’s surface 10"4 T
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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-
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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:

B
:

B
:

CHECKPOINT 1

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 
on the particle?

F
:

B

B
:

v: +

y

x

z

y

x

z

y

x

z

(a) (b) (c)

B

B B

v v

v

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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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:

B
:

B
:

CHECKPOINT 1

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 
on the particle?

F
:

B

B
:

v: +

y

x

z

y

x

z

y

x

z

(a) (b) (c)

B

B B

v v

v

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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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

HALLIDAY REVISED

Fig. 28-5 (a) A horseshoe magnet and (b) a C-shaped magnet. (Only some of the
external field lines are shown.)
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(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.
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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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KEY I DEAS

Additional examples, video, and practice available at WileyPLUS
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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
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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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Magnetic field lines going 
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Figure 29.7 Representations of 
magnetic field lines perpendicu-
lar to the page.
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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
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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

:
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B
:

occur, must point toward the center of the circle.Use the right-hand rule for cross products toF
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confirm that gives the proper direction.(Don’t forget the sign of q.)
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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
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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 
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).
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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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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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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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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
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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 ".

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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|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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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?
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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 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
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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 ".
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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?
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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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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
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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?
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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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in a uniform magnetic field , the particle’s
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particle spiraling in a nonuniform magnetic
field. (The particle can become trapped,
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magnetic force vectors at the left and right
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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?
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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.



Crossed Fields

Both electric and magnetic fields interact with moving charges and
produce forces on them.

This can be used to study charged particles.



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



Crossed Fields Question
The diagram shows four possible directions for the velocity v of a
positively-charged particle: which direction could possibly result in
a net force of zero on the particle?1

74128-5 CROSS E D FI E LDS: TH E HALL E FFECT
PART 3
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particle’s charge, Thomson was able to show that the particles that were lighting
up his screen were negatively charged.)

When the two fields in Fig. 28-7 are adjusted so that the two deflecting forces
cancel (step 3), we have from Eqs. 28-1 and 28-3

|q|E ! |q|vB sin(90°) ! |q|vB

or (28-7)

Thus, the crossed fields allow us to measure the speed of the charged particles pass-
ing through them. Substituting Eq. 28-7 for v in Eq. 28-6 and rearranging yield

(28-8)

in which all quantities on the right can be measured.Thus, the crossed fields allow us
to measure the ratio m/|q| of the particles moving through Thomson’s apparatus.

Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
the electron.”

m
|q|

!
B2L2

2yE
,

v !
E
B

.

Fig. 28-8 A strip of copper carrying a
current i is immersed in a magnetic field .
(a) The situation immediately after the
magnetic field is turned on.The curved path
that will then be taken by an electron is
shown. (b) The situation at equilibrium,
which quickly follows. Note that negative
charges pile up on the right side of the strip,
leaving uncompensated positive charges on
the left.Thus, the left side is at a higher po-
tential than the right side. (c) For the same
current direction, if the charge carriers
were positively charged, they would pile up
on the right side, and the right side would
be at the higher potential.
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CHECKPOINT 2

The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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(A) 1 (left)

(B) 2 (up)

(C) 3 (right)

(D) 4 (down)

1Halliday, Resnick, Walker, 9th ed., page 741.



Crossed Fields Question
The diagram shows four possible directions for the velocity v of a
positively-charged particle: which direction could possibly result in
a net force of zero on the particle?1
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particle’s charge, Thomson was able to show that the particles that were lighting
up his screen were negatively charged.)

When the two fields in Fig. 28-7 are adjusted so that the two deflecting forces
cancel (step 3), we have from Eqs. 28-1 and 28-3

|q|E ! |q|vB sin(90°) ! |q|vB

or (28-7)

Thus, the crossed fields allow us to measure the speed of the charged particles pass-
ing through them. Substituting Eq. 28-7 for v in Eq. 28-6 and rearranging yield

(28-8)

in which all quantities on the right can be measured.Thus, the crossed fields allow us
to measure the ratio m/|q| of the particles moving through Thomson’s apparatus.

Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
the electron.”
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Fig. 28-8 A strip of copper carrying a
current i is immersed in a magnetic field .
(a) The situation immediately after the
magnetic field is turned on.The curved path
that will then be taken by an electron is
shown. (b) The situation at equilibrium,
which quickly follows. Note that negative
charges pile up on the right side of the strip,
leaving uncompensated positive charges on
the left.Thus, the left side is at a higher po-
tential than the right side. (c) For the same
current direction, if the charge carriers
were positively charged, they would pile up
on the right side, and the right side would
be at the higher potential.
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CHECKPOINT 2

The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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(A) 1 (left)

(B) 2 (up)

(C) 3 (right)

(D) 4 (down)←
1Halliday, Resnick, Walker, 9th ed., page 741.



Mass Spectrometer
After selecting particles to have velocity v = E/B along the
channel, they are fed into a magnetic field.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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into the page and an electric field 
directed to the right, it experiences 
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 to the right and 
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Where they collide with the detector allows us to find the radius of
the path, r .

Mass-to-charge ratio:
m

|q|
=

rB0

v



The Discovery of the Electron

Orienting a magnetic field at right angles to an electric field
allowed J.J. Thompson in 1897 to determine the ratio of the

electron’s charge to its mass:
|q|
m .

This was significant because it showed that the electron was much
lighter than other known particles, establishing it as a new kind of
particle.



Discovery of the Electron: Main Idea

Electrons are accelerated along the yellow line.

740 CHAPTE R 28 MAG N ETIC F I E LDS

HALLIDAY REVISED

28-4 Crossed Fields: Discovery of the Electron
Both an electric field and a magnetic field can produce a force on a charged
particle. When the two fields are perpendicular to each other, they are said to be
crossed fields. Here we shall examine what happens to charged particles—
namely, electrons—as they move through crossed fields. We use as our example
the experiment that led to the discovery of the electron in 1897 by J. J. Thomson
at Cambridge University.

Figure 28-7 shows a modern, simplified version of Thomson’s experimental
apparatus—a cathode ray tube (which is like the picture tube in an old type televi-
sion set). Charged particles (which we now know as electrons) are emitted by
a hot filament at the rear of the evacuated tube and are accelerated by an applied
potential difference V. After they pass through a slit in screen C, they form a
narrow beam. They then pass through a region of crossed and fields, headed
toward a fluorescent screen S, where they produce a spot of light (on a television
screen the spot is part of the picture). The forces on the charged particles in the
crossed-fields region can deflect them from the center of the screen. By controlling
the magnitudes and directions of the fields,Thomson could thus control where the
spot of light appeared on the screen. Recall that the force on a negatively charged
particle due to an electric field is directed opposite the field.Thus, for the arrange-
ment of Fig. 28-7, electrons are forced up the page by electric field and down the
page by magnetic field ; that is, the forces are in opposition. Thomson’s proce-
dure was equivalent to the following series of steps.

1. Set E ! 0 and B ! 0 and note the position of the spot on screen S due to the
undeflected beam.

2. Turn on and measure the resulting beam deflection.
3. Maintaining , now turn on and adjust its value until the beam returns to the

undeflected position. (With the forces in opposition, they can be made to cancel.)

We discussed the deflection of a charged particle moving through an elec-
tric field between two plates (step 2 here) in the sample problem in the pre-
ceding section. We found that the deflection of the particle at the far end of the
plates is

(28-6)

where v is the particle’s speed, m its mass, and q its charge, and L is the length of
the plates. We can apply this same equation to the beam of electrons in Fig. 28-7;
if need be, we can calculate the deflection by measuring the deflection of the
beam on screen S and then working back to calculate the deflection y at the end
of the plates. (Because the direction of the deflection is set by the sign of the
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|q|EL2

2mv2 ,
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Fig. 28-7 A modern version of J. J.
Thomson’s apparatus for measuring the ra-
tio of mass to charge for the electron. An
electric field is established by connecting
a battery across the deflecting-plate termi-
nals.The magnetic field is set up by
means of a current in a system of coils (not
shown).The magnetic field shown is into
the plane of the figure, as represented by
the array of Xs (which resemble the feath-
ered ends of arrows).
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The electric field deflects them upward.

The magnetic field deflects them downward.

Adjust the magnetic field until the deflections cancel out and the
spot returns to the center.
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The electric field deflects them upward.

The magnetic field deflects them downward.

Adjust the magnetic field until the deflections cancel out and the
spot returns to the center.



Why does that tell us about q/m?

Consider only the E -field from 2 parallel charged plates:

59322-8 A POI NT CHARG E I N AN E LECTR IC F I E LD
PART 3

strikes the paper at a position that is determined by the magnitudes of and the
charge q of the drop.

In practice, E is held constant and the position of the drop is determined by
the charge q delivered to the drop in the charging unit, through which the drop
must pass before entering the deflecting system. The charging unit, in turn, is
activated by electronic signals that encode the material to be printed.

Electrical Breakdown and Sparking
If the magnitude of an electric field in air exceeds a certain critical value Ec, the
air undergoes electrical breakdown, a process whereby the field removes elec-
trons from the atoms in the air. The air then begins to conduct electric current
because the freed electrons are propelled into motion by the field. As they move,
they collide with any atoms in their path, causing those atoms to emit light.We can
see the paths, commonly called sparks, taken by the freed electrons because of that
emitted light. Figure 22-16 shows sparks above charged metal wires where the
electric fields due to the wires cause electrical breakdown of the air.

E
:

Fig. 22-16 The metal wires are so charged that the electric fields they produce in the
surrounding space cause the air there to undergo electrical breakdown. (Adam Hart-Davis/
Photo Researchers)

Sample Problem

Let t represent the time required for the drop to pass
through the region between the plates. During t the vertical
and horizontal displacements of the drop are

(22-31)

respectively. Eliminating t between these two equations and
substituting Eq. 22-30 for ay, we find

(Answer) ! 0.64 mm.

 ! 6.4 " 10#4 m

 !
(1.5 " 10#13 C)(1.4 " 106 N/C)(1.6 " 10#2 m)2

(2)(1.3 " 10#10 kg)(18 m/s)2

y !
QEL2

2mvx
2

y ! 1
2ayt2 and L ! vxt,

Motion of a charged particle in an electric field

Figure 22-17 shows the deflecting plates of an ink-jet
printer, with superimposed coordinate axes. An ink drop
with a mass m of 1.3 " 10#10 kg and a negative charge of
magnitude Q ! 1.5 " 10#13 C enters the region between
the plates, initially moving along the x axis with speed 
vx ! 18 m/s. The length L of each plate is 1.6 cm. The
plates are charged and thus produce an electric field at all
points between them. Assume that field is downward
directed, is uniform, and has a magnitude of 1.4 " 106

N/C. What is the vertical deflection of the drop at the far
edge of the plates? (The gravitational force on the drop is
small relative to the electrostatic force acting on the drop
and can be neglected.)

E
:

KEY I DEA

The drop is negatively charged and the electric field is directed
downward. From Eq. 22-28, a constant electrostatic force of
magnitude QE acts upward on the charged drop. Thus, as the
drop travels parallel to the x axis at constant speed vx, it
accelerates upward with some constant acceleration ay.

Calculations: Applying Newton’s second law (F ! ma) for
components along the y axis, we find that

(22-30)ay !
F
m

!
QE
m

.

y

x
x = L

m,Q

0
E

Plate

Plate

Fig. 22-17 An ink drop of mass m and charge magnitude Q is
deflected in the electric field of an ink-jet printer.

Additional examples, video, and practice available at WileyPLUS
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A charge particle follows a parabola, because the field is uniform.

This is exactly like projectile motion.

1Figure from Halliday, Resnick, Walker, 9th ed, page 593.
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The displacement in the vertical (y) direction (same dir. as field
lines)

y = vi ,y t +
1

2
at2

If the particle is moving horizontally only on entry into the field,
vi ,y = 0.

Also a = FE/m, giving:

y =
1

2

FE
m

t2
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Why does that tell us about m/q?

There is no acceleration in the x direction:

x = L = vx t ⇒ t =
L

v

Therefore the deflection in the y direction due to the electric field
by the end of the plates (length L):

y =
(qE )L2

2mv2

This gives an expression for q/m:

|q|

m
=

2 y v2

E L2

But what is the speed v? v = E/B
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y =
(qE )L2

2mv2

This gives an expression for q/m:

|q|

m
=

2 y v2

E L2

But what is the speed v? v = E/B



How to determine v with Crossed Fields

The deflection of a charged particle moving through the fields is 0,
only if Fnet = 0.

Assuming v ⊥ B:

FE = FB

qE = qvB

v =
E

B

Switch on both fields to get a measurement of v . Then switch off
the magnetic field and measure the deflection y (E -field only):

|q|

m
=

2 y E

B2 L2



Discovery of the Electron

For an electron, |q| = e:

e

me
= 1.759× 1011 C/kg

⇒ the mass of the electron me is really small.

From this ratio and Millikan’s oil drop experiments that determined
e = 1.602× 10−19 C we can find me . (Do it now!)

me = 9.11× 10−31 kg
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Summary

• magnetic force on a charged particle

• motion of a charged particle in a magnetic field

• crossed fields

Homework Halliday, Resnick, Walker:

• PREVIOUS: Ch 28, onward from page 756. Questions: 1;
Problems: 1, 3, 5

• NEW: Ch 28, Questions: 5, 7; Problems: 7, 9, 11, 17, 21, 23,
25


