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Q27.4 The magnetic force on a moving charged particle is always
perpendicular to the magnetic field Is the trajectory of a moving
charged particle always perpendicular to the magnetic field lines?
Explain your reasoning.
Q27.5 A charged particle is fired into a cubical region of space
where there is a uniform magnetic field. Outside this region, there
is no magnetic field. Is it possible that the particle will remain
inside the cubical region? Why or why not?
Q27.6 If the magnetic force does no work on a charged particle,
how can it have any effect on the particle’s motion? Are there other
examples of forces that do no work but have a significant effect on
a particle’s motion?
Q27.7 A charged particle moves through a region of space with
constant velocity (magnitude and direction). If the external mag-
netic field is zero in this region, can you conclude that the external
electric field in the region is also zero? Explain. (By “external” we
mean fields other than those produced by the charged particle.) If
the external electric field is zero in the region, can you conclude
that the external magnetic field in the region is also zero?
Q27.8 How might a loop of wire carrying a current be used as a
compass? Could such a compass distinguish between north and
south? Why or why not?
Q27.9 How could the direction of a magnetic field be determined
by making only qualitative observations of the magnetic force on a
straight wire carrying a current?
Q27.10 A loose, floppy loop of wire is carrying current The loop
of wire is placed on a horizontal table in a uniform magnetic field 
perpendicular to the plane of the table. This causes the loop of wire
to expand into a circular shape while still lying on the table. In a
diagram, show all possible orientations of the current and mag-
netic field that could cause this to occur. Explain your reasoning.
Q27.11 Several charges enter a uniform magnetic field directed
into the page. (a) What path would a positive charge moving with
a velocity of magnitude follow through the field? (b) What path
would a positive charge q moving with a velocity of magnitude 
follow through the field? (c) What path would a negative charge 
moving with a velocity of magnitude follow through the field? 
(d) What path would a neutral particle follow through the field?
Q27.12 Each of the lettered
points at the corners of the cube
in Fig. Q27.12 represents a
positive charge moving with
a velocity of magnitude in the
direction indicated. The region
in the figure is in a uniform
magnetic field parallel to the

and directed toward 
the right. Which charges expe-
rience a force due to What
is the direction of the force on
each charge?
Q27.13 A student claims that
if lightning strikes a metal flagpole, the force exerted by the earth’s
magnetic field on the current in the pole can be large enough to
bend it. Typical lightning currents are of the order of to 
Is the student’s opinion justified? Explain your reasoning.
Q27.14 Could an accelerator be built in which all the forces on the
particles, for steering and for increasing speed, are magnetic forces?
Why or why not?
Q27.15 An ordinary loudspeaker such as that shown in Fig. 27.28
should not be placed next to a computer monitor or TV screen.
Why not?
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Q27.16 The magnetic force acting on a charged particle can never
do work because at every instant the force is perpendicular to the
velocity. The torque exerted by a magnetic field can do work on a
current loop when the loop rotates. Explain how these seemingly
contradictory statements can be reconciled.
Q27.17 If an emf is produced in a dc motor, would it be possible to
use the motor somehow as a generator or source, taking power out
of it rather than putting power into it? How might this be done?
Q27.18 When the polarity of the voltage applied to a dc motor is
reversed, the direction of motion does not reverse. Why not? How
could the direction of motion be reversed?
Q27.19 In a Hall-effect experiment, is it possible that no trans-
verse potential difference will be observed? Under what circum-
stances might this happen?
Q27.20 Hall-effect voltages are much greater for relatively poor
conductors (such as germanium) than for good conductors (such as
copper), for comparable currents, fields, and dimensions. Why?

EXERCISES
Section 27.2 Magnetic Field
27.1 . A particle with a charge of is moving
with instantaneous velocity

What is the force exerted on this particle by a mag-
netic field (a) and (b) 
27.2 . A particle of mass 0.195 g carries a charge of 

The particle is given an initial horizontal velocity that is
due north and has magnitude What are the mag-
nitude and direction of the minimum magnetic field that will keep
the particle moving in the earth’s gravitational field in the same
horizontal, northward direction?
27.3 . In a 1.25-T magnetic field directed vertically upward, a par-
ticle having a charge of magnitude and initially moving
northward at is deflected toward the east. (a) What is the
sign of the charge of this particle? Make a sketch to illustrate how
you found your answer. (b) Find the magnetic force on the particle.
27.4 . A particle with mass and a charge of

has, at a given instant, a velocity 
What are the magnitude and direction of the particle’s

acceleration produced by a uniform magnetic field 

27.5 . An electron experiences a magnetic force of magnitude
when moving at an angle of with respect to

a magnetic field of magnitude Find the speed of
the electron.
27.6 . An electron moves at through a region in
which there is a magnetic field of unspecified direction and magni-
tude (a) What are the largest and smallest possible
magnitudes of the acceleration of the electron due to the magnetic
field? (b) If the actual acceleration of the electron is one-fourth of
the largest magnitude in part (a), what is the angle between the
electron velocity and the magnetic field?
27.7 .. CP A particle with charge is moving with veloc-
ity The magnetic force on the particle
is measured to be 
(a) Calculate all the components of the magnetic field you can
from this information. (b) Are there components of the magnetic
field that are not determined by the measurement of the force?
Explain. (c) Calculate the scalar product . What is the angle
between and 
27.8 .. CP A particle with charge is moving in a uni-
form magnetic field The magnetic force on theB
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particle is measured to be 
(a) Calculate all the components of the velocity of the

particle that you can from this information. (b) Are there compo-
nents of the velocity that are not determined by the measurement
of the force? Explain. (c) Calculate the scalar product What
is the angle between and 
27.9 .. A group of particles is traveling in a magnetic field of
unknown magnitude and direction. You observe that a proton mov-
ing at in the experiences a force of

in the and an electron moving at
in the experiences a force of 

in the y-direction. (a) What are the magnitude and
direction of the magnetic field? (b) What are the magnitude and
direction of the magnetic force on an electron moving in the

at

Section 27.3 Magnetic Field Lines and Magnetic Flux
27.10 . A flat, square surface with side length 3.40 cm is in the 
xy-plane at . Calculate the magnitude of the flux through 
this surface produced by a magnetic field

.
27.11 . A circular area with a radius of 6.50 cm lies in the

What is the magnitude of the magnetic flux through this
circle due to a uniform magnetic field (a) in the 

-direction; (b) at an angle of from the -direction; (c) in
the direction?
27.12 . A horizontal rectangular surface has dimensions 2.80 cm
by 3.20 cm and is in a uniform magnetic field that is directed at an
angle of above the horizontal. What must the magnitude of
the magnetic field be in order to produce a flux of 
through the surface?
27.13 .. An open plastic soda bottle with an opening diameter of
2.5 cm is placed on a table. A uniform 1.75-T magnetic field directed
upward and oriented from vertical encompasses the bottle. What
is the total magnetic flux through the plastic of the soda bottle?
27.14 .. The magnetic field 
in a certain region is 0.128 T,
and its direction is that of the 

-axis in Fig. E27.14. (a) What
is the magnetic flux across the
surface abcd in the figure? 
(b) What is the magnetic flux
across the surface befc? (c) What
is the magnetic flux across the
surface aefd? (d) What is the net
flux through all five surfaces that
enclose the shaded volume?

Section 27.4 Motion of Charged Particles in a
Magnetic Field
27.15 .. An electron at point 
in Fig. E27.15 has a speed of

Find (a) the
magnitude and direction of 
the magnetic field that will cause
the electron to follow the semi-
circular path from to and
(b) the time required for the
electron to move from to 
27.16 .. Repeat Exercise 27.15 for the case in which the particle
is a proton rather than an electron.
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is dropped into a 125-m vertical shaft. At the bottom of the shaft,
the ball suddenly enters a uniform horizontal magnetic field that
has magnitude 0.250 T and direction from east to west. If air resist-
ance is negligibly small, find the magnitude and direction of the
force that this magnetic field exerts on the ball just as it enters the
field.
27.18 . An alpha particle (a He nucleus, containing two protons
and two neutrons and having a mass of ) traveling
horizontally at enters a uniform, vertical, 1.10-T mag-
netic field. (a) What is the diameter of the path followed by this
alpha particle? (b) What effect does the magnetic field have on the
speed of the particle? (c) What are the magnitude and direction of
the acceleration of the alpha particle while it is in the magnetic
field? (d) Explain why the speed of the particle does not change
even though an unbalanced external force acts on it.
27.19 . CP A particle with charge travels in a
circular orbit with radius 4.68 mm due to the force exerted on it by
a magnetic field with magnitude 1.65 T and perpendicular to the
orbit. (a) What is the magnitude of the linear momentum of the
particle? (b) What is the magnitude of the angular momentum of
the particle?
27.20 . (a) An nucleus (charge moving horizontally
from west to east with a speed of experiences a mag-
netic force of 0.00320 nN vertically downward. Find the magni-
tude and direction of the weakest magnetic field required to
produce this force. Explain how this same force could be caused
by a larger magnetic field. (b) An electron moves in a uniform,
horizontal, 2.10-T magnetic field that is toward the west. What
must the magnitude and direction of the minimum velocity of the
electron be so that the magnetic force on it will be 4.60 pN, verti-
cally upward? Explain how the velocity could be greater than this
minimum value and the force still have this same magnitude and
direction.
27.21 . A deuteron (the nucleus of an isotope of hydrogen) has a
mass of and a charge of The deuteron travels
in a circular path with a radius of 6.96 mm in a magnetic field with
magnitude 2.50 T. (a) Find the speed of the deuteron. (b) Find the
time required for it to make half a revolution. (c) Through what
potential difference would the deuteron have to be accelerated to
acquire this speed?
27.22 . In an experiment with
cosmic rays, a vertical beam of par-
ticles that have charge of magnitude

and mass 12 times the proton
mass enters a uniform horizontal
magnetic field of 0.250 T and is
bent in a semicircle of diameter
95.0 cm, as shown in Fig. E27.22.
(a) Find the speed of the particles
and the sign of their charge. (b) Is
it reasonable to ignore the gravity force on the particles? (c) How
does the speed of the particles as they enter the field compare to
their speed as they exit the field?
27.23 . A physicist wishes to produce electromagnetic waves of
frequency 3.0 THz using a
magnetron (see Example 27.3). (a) What magnetic field would be
required? Compare this field with the strongest constant magnetic
fields yet produced on earth, about 45 T. (b) Would there be any
advantage to using protons instead of electrons in the magnetron?
Why or why not?
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particle is measured to be 
(a) Calculate all the components of the velocity of the

particle that you can from this information. (b) Are there compo-
nents of the velocity that are not determined by the measurement
of the force? Explain. (c) Calculate the scalar product What
is the angle between and 
27.9 .. A group of particles is traveling in a magnetic field of
unknown magnitude and direction. You observe that a proton mov-
ing at in the experiences a force of

in the and an electron moving at
in the experiences a force of 

in the y-direction. (a) What are the magnitude and
direction of the magnetic field? (b) What are the magnitude and
direction of the magnetic force on an electron moving in the

at

Section 27.3 Magnetic Field Lines and Magnetic Flux
27.10 . A flat, square surface with side length 3.40 cm is in the 
xy-plane at . Calculate the magnitude of the flux through 
this surface produced by a magnetic field

.
27.11 . A circular area with a radius of 6.50 cm lies in the

What is the magnitude of the magnetic flux through this
circle due to a uniform magnetic field (a) in the 

-direction; (b) at an angle of from the -direction; (c) in
the direction?
27.12 . A horizontal rectangular surface has dimensions 2.80 cm
by 3.20 cm and is in a uniform magnetic field that is directed at an
angle of above the horizontal. What must the magnitude of
the magnetic field be in order to produce a flux of 
through the surface?
27.13 .. An open plastic soda bottle with an opening diameter of
2.5 cm is placed on a table. A uniform 1.75-T magnetic field directed
upward and oriented from vertical encompasses the bottle. What
is the total magnetic flux through the plastic of the soda bottle?
27.14 .. The magnetic field 
in a certain region is 0.128 T,
and its direction is that of the 

-axis in Fig. E27.14. (a) What
is the magnetic flux across the
surface abcd in the figure? 
(b) What is the magnetic flux
across the surface befc? (c) What
is the magnetic flux across the
surface aefd? (d) What is the net
flux through all five surfaces that
enclose the shaded volume?

Section 27.4 Motion of Charged Particles in a
Magnetic Field
27.15 .. An electron at point 
in Fig. E27.15 has a speed of

Find (a) the
magnitude and direction of 
the magnetic field that will cause
the electron to follow the semi-
circular path from to and
(b) the time required for the
electron to move from to 
27.16 .. Repeat Exercise 27.15 for the case in which the particle
is a proton rather than an electron.
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" !13.40 * 10-7 N2ın # 27.17 . CP A 150-g ball containing excess electrons

is dropped into a 125-m vertical shaft. At the bottom of the shaft,
the ball suddenly enters a uniform horizontal magnetic field that
has magnitude 0.250 T and direction from east to west. If air resist-
ance is negligibly small, find the magnitude and direction of the
force that this magnetic field exerts on the ball just as it enters the
field.
27.18 . An alpha particle (a He nucleus, containing two protons
and two neutrons and having a mass of ) traveling
horizontally at enters a uniform, vertical, 1.10-T mag-
netic field. (a) What is the diameter of the path followed by this
alpha particle? (b) What effect does the magnetic field have on the
speed of the particle? (c) What are the magnitude and direction of
the acceleration of the alpha particle while it is in the magnetic
field? (d) Explain why the speed of the particle does not change
even though an unbalanced external force acts on it.
27.19 . CP A particle with charge travels in a
circular orbit with radius 4.68 mm due to the force exerted on it by
a magnetic field with magnitude 1.65 T and perpendicular to the
orbit. (a) What is the magnitude of the linear momentum of the
particle? (b) What is the magnitude of the angular momentum of
the particle?
27.20 . (a) An nucleus (charge moving horizontally
from west to east with a speed of experiences a mag-
netic force of 0.00320 nN vertically downward. Find the magni-
tude and direction of the weakest magnetic field required to
produce this force. Explain how this same force could be caused
by a larger magnetic field. (b) An electron moves in a uniform,
horizontal, 2.10-T magnetic field that is toward the west. What
must the magnitude and direction of the minimum velocity of the
electron be so that the magnetic force on it will be 4.60 pN, verti-
cally upward? Explain how the velocity could be greater than this
minimum value and the force still have this same magnitude and
direction.
27.21 . A deuteron (the nucleus of an isotope of hydrogen) has a
mass of and a charge of The deuteron travels
in a circular path with a radius of 6.96 mm in a magnetic field with
magnitude 2.50 T. (a) Find the speed of the deuteron. (b) Find the
time required for it to make half a revolution. (c) Through what
potential difference would the deuteron have to be accelerated to
acquire this speed?
27.22 . In an experiment with
cosmic rays, a vertical beam of par-
ticles that have charge of magnitude

and mass 12 times the proton
mass enters a uniform horizontal
magnetic field of 0.250 T and is
bent in a semicircle of diameter
95.0 cm, as shown in Fig. E27.22.
(a) Find the speed of the particles
and the sign of their charge. (b) Is
it reasonable to ignore the gravity force on the particles? (c) How
does the speed of the particles as they enter the field compare to
their speed as they exit the field?
27.23 . A physicist wishes to produce electromagnetic waves of
frequency 3.0 THz using a
magnetron (see Example 27.3). (a) What magnetic field would be
required? Compare this field with the strongest constant magnetic
fields yet produced on earth, about 45 T. (b) Would there be any
advantage to using protons instead of electrons in the magnetron?
Why or why not?

11 THz = 1 terahertz = 1012 Hz2

3e

+e.3.34 * 10-27 kg

500 km>s+8e)16O

L
S

pS

6.40 * 10-19 C

35.6 km>s 6.64 * 10-27 kg

4.00 * 108

z

x

y

50.0 cm

e

c
f

d

a

b
40.0 cm

30.0 cm

30.0 cm

Figure E27.14

10.0 cm
A B

v0

Figure E27.15

95.0 cm

B
S

Figure E27.22



916 CHAPTER 27 Magnetic Field and Magnetic Forces

27.38 .. An electromagnet produces a magnetic field of 0.550 T
in a cylindrical region of radius 2.50 cm between its poles. A
straight wire carrying a current of 10.8 A passes through the center
of this region and is perpendicular to both the axis of the cylindri-
cal region and the magnetic field. What magnitude of force is
exerted on the wire?
27.39 .. A long wire carry-
ing 4.50 A of current makes
two bends, as shown in
Fig. E27.39. The bent part of
the wire passes through a
uniform 0.240-T magnetic
field directed as shown in the
figure and confined to a lim-
ited region of space. Find the
magnitude and direction of
the force that the magnetic
field exerts on the wire.
27.40 . A straight, vertical wire carries a current of 1.20 A down-
ward in a region between the poles of a large superconducting
electromagnet, where the magnetic field has magnitude 

and is horizontal. What are the magnitude and direction of
the magnetic force on a 1.00-cm section of the wire that is in this
uniform magnetic field, if the magnetic field direction is (a) east;
(b) south; (c) south of west?
27.41 . A thin, 50.0-cm-long
metal bar with mass 750 g rests
on, but is not attached to, two
metallic supports in a uniform
0.450-T magnetic field, as shown
in Fig. E27.41. A battery and a
25.0- resistor in series are
connected to the supports. (a)
What is the highest voltage the
battery can have without breaking the circuit at the supports? 
(b) The battery voltage has the maximum value calculated in part
(a). If the resistor suddenly gets partially short-circuited, decreas-
ing its resistance to 2.0 find the initial acceleration of the bar.
27.42 . Magnetic Balance.
The circuit shown in Fig. E27.42
is used to make a magnetic bal-
ance to weigh objects. The mass

to be measured is hung from
the center of the bar that is in a
uniform magnetic field of 1.50 T,
directed into the plane of the fig-
ure. The battery voltage can be
adjusted to vary the current in the
circuit. The horizontal bar is 
60.0 cm long and is made of extremely light-weight material. It is
connected to the battery by thin vertical wires that can support no
appreciable tension; all the weight of the suspended mass is sup-
ported by the magnetic force on the bar. A resistor with 
is in series with the bar; the resistance of the rest of the circuit is much
less than this. (a) Which point, or should be the positive terminal
of the battery? (b) If the maximum terminal voltage of the battery is
175 V, what is the greatest mass that this instrument can measure?
27.43 . Consider the conductor and current in Example 27.8, but
now let the magnetic field be parallel to the x-axis. (a) What are the
magnitude and direction of the total magnetic force on the conduc-
tor? (b) In Example 27.8, the total force is the same as if we
replaced the semicircle with a straight segment along the x-axis. Is

m
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m
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that still true when the magnetic field is in this different direction?
Can you explain why, or why not?

Section 27.7 Force and Torque on a Current Loop
27.44 .. The plane of a rectangular loop of
wire is parallel to a 0.19-T magnetic field. The loop carries a cur-
rent of 6.2 A. (a) What torque acts on the loop? (b) What is the
magnetic moment of the loop? (c) What is the maximum torque
that can be obtained with the same total length of wire carrying the
same current in this magnetic field?
27.45 . The 20.0 cm 35.0 cm rectangular circuit shown in Fig.
E27.45 is hinged along side ab.
It carries a clockwise 5.00-A
current and is located in a uni-
form 1.20-T magnetic field ori-
ented perpendicular to two of
its sides, as shown. (a) Draw a
clear diagram showing the
direction of the force that the
magnetic field exerts on each
segment of the circuit (ab, bc,
etc.). (b) Of the four forces you
drew in part (a), decide which
ones exert a torque about the hinge ab. Then calculate only those
forces that exert this torque. (c) Use your results from part (b) to
calculate the torque that the magnetic field exerts on the circuit
about the hinge axis ab.
27.46 . A rectangular coil of
wire, 22.0 cm by 35.0 cm and
carrying a current of 1.40 A, is
oriented with the plane of its
loop perpendicular to a uniform
1.50-T magnetic field, as shown
in Fig. E27.46. (a) Calculate the
net force and torque that the
magnetic field exerts on the coil.
(b) The coil is rotated through a angle about the axis shown,
with the left side coming out of the plane of the figure and the right
side going into the plane. Calculate the net force and torque that
the magnetic field now exerts on the coil. (Hint: In order to help
visualize this three-dimensional problem, make a careful drawing
of the coil as viewed along the rotation axis.)
27.47 . CP A uniform rectan-
gular coil of total mass 212 g
and dimensions 

is oriented with its plane
parallel to a uniform 3.00-T
magnetic field (Fig. E27.47). A
current of 2.00 A is suddenly
started in the coil. (a) About
which axis or will the
coil begin to rotate? Why? 
(b) Find the initial angular accel-
eration of the coil just after the current is started.
27.48 . A circular coil with
area and turns is free to
rotate about a diameter that
coincides with the x-axis.
Current is circulating in the
coil. There is a uniform mag-
netic field in the positive 
y-direction. Calculate the magnitude and direction of the torque TS
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27.38 .. An electromagnet produces a magnetic field of 0.550 T
in a cylindrical region of radius 2.50 cm between its poles. A
straight wire carrying a current of 10.8 A passes through the center
of this region and is perpendicular to both the axis of the cylindri-
cal region and the magnetic field. What magnitude of force is
exerted on the wire?
27.39 .. A long wire carry-
ing 4.50 A of current makes
two bends, as shown in
Fig. E27.39. The bent part of
the wire passes through a
uniform 0.240-T magnetic
field directed as shown in the
figure and confined to a lim-
ited region of space. Find the
magnitude and direction of
the force that the magnetic
field exerts on the wire.
27.40 . A straight, vertical wire carries a current of 1.20 A down-
ward in a region between the poles of a large superconducting
electromagnet, where the magnetic field has magnitude 

and is horizontal. What are the magnitude and direction of
the magnetic force on a 1.00-cm section of the wire that is in this
uniform magnetic field, if the magnetic field direction is (a) east;
(b) south; (c) south of west?
27.41 . A thin, 50.0-cm-long
metal bar with mass 750 g rests
on, but is not attached to, two
metallic supports in a uniform
0.450-T magnetic field, as shown
in Fig. E27.41. A battery and a
25.0- resistor in series are
connected to the supports. (a)
What is the highest voltage the
battery can have without breaking the circuit at the supports? 
(b) The battery voltage has the maximum value calculated in part
(a). If the resistor suddenly gets partially short-circuited, decreas-
ing its resistance to 2.0 find the initial acceleration of the bar.
27.42 . Magnetic Balance.
The circuit shown in Fig. E27.42
is used to make a magnetic bal-
ance to weigh objects. The mass

to be measured is hung from
the center of the bar that is in a
uniform magnetic field of 1.50 T,
directed into the plane of the fig-
ure. The battery voltage can be
adjusted to vary the current in the
circuit. The horizontal bar is 
60.0 cm long and is made of extremely light-weight material. It is
connected to the battery by thin vertical wires that can support no
appreciable tension; all the weight of the suspended mass is sup-
ported by the magnetic force on the bar. A resistor with 
is in series with the bar; the resistance of the rest of the circuit is much
less than this. (a) Which point, or should be the positive terminal
of the battery? (b) If the maximum terminal voltage of the battery is
175 V, what is the greatest mass that this instrument can measure?
27.43 . Consider the conductor and current in Example 27.8, but
now let the magnetic field be parallel to the x-axis. (a) What are the
magnitude and direction of the total magnetic force on the conduc-
tor? (b) In Example 27.8, the total force is the same as if we
replaced the semicircle with a straight segment along the x-axis. Is

m

b,a

R = 5.00 Æ
m

m

Æ,

Æ

30.0°

0.588 T
B =

90°

that still true when the magnetic field is in this different direction?
Can you explain why, or why not?

Section 27.7 Force and Torque on a Current Loop
27.44 .. The plane of a rectangular loop of
wire is parallel to a 0.19-T magnetic field. The loop carries a cur-
rent of 6.2 A. (a) What torque acts on the loop? (b) What is the
magnetic moment of the loop? (c) What is the maximum torque
that can be obtained with the same total length of wire carrying the
same current in this magnetic field?
27.45 . The 20.0 cm 35.0 cm rectangular circuit shown in Fig.
E27.45 is hinged along side ab.
It carries a clockwise 5.00-A
current and is located in a uni-
form 1.20-T magnetic field ori-
ented perpendicular to two of
its sides, as shown. (a) Draw a
clear diagram showing the
direction of the force that the
magnetic field exerts on each
segment of the circuit (ab, bc,
etc.). (b) Of the four forces you
drew in part (a), decide which
ones exert a torque about the hinge ab. Then calculate only those
forces that exert this torque. (c) Use your results from part (b) to
calculate the torque that the magnetic field exerts on the circuit
about the hinge axis ab.
27.46 . A rectangular coil of
wire, 22.0 cm by 35.0 cm and
carrying a current of 1.40 A, is
oriented with the plane of its
loop perpendicular to a uniform
1.50-T magnetic field, as shown
in Fig. E27.46. (a) Calculate the
net force and torque that the
magnetic field exerts on the coil.
(b) The coil is rotated through a angle about the axis shown,
with the left side coming out of the plane of the figure and the right
side going into the plane. Calculate the net force and torque that
the magnetic field now exerts on the coil. (Hint: In order to help
visualize this three-dimensional problem, make a careful drawing
of the coil as viewed along the rotation axis.)
27.47 . CP A uniform rectan-
gular coil of total mass 212 g
and dimensions 

is oriented with its plane
parallel to a uniform 3.00-T
magnetic field (Fig. E27.47). A
current of 2.00 A is suddenly
started in the coil. (a) About
which axis or will the
coil begin to rotate? Why? 
(b) Find the initial angular accel-
eration of the coil just after the current is started.
27.48 . A circular coil with
area and turns is free to
rotate about a diameter that
coincides with the x-axis.
Current is circulating in the
coil. There is a uniform mag-
netic field in the positive 
y-direction. Calculate the magnitude and direction of the torque TS
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Problems 919

27.72 .. CP A plastic circular loop has radius , and a positive
charge is distributed uniformly around the circumference of the
loop. The loop is then rotated around its central axis, perpendicular
to the plane of the loop, with angular speed If the loop is in a
region where there is a uniform magnetic field directed parallel
to the plane of the loop, calculate the magnitude of the magnetic
torque on the loop.
27.73 .. BIO Determining Diet. One method for determining
the amount of corn in early Native American diets is the stable iso-
tope ratio analysis (SIRA) technique. As corn photosynthesizes, it
concentrates the isotope carbon-13, whereas most other plants con-
centrate carbon-12. Overreliance on corn consumption can then be
correlated with certain diseases, because corn lacks the essential
amino acid lysine. Archaeologists use a mass spectrometer to sepa-
rate the and isotopes in samples of human remains. Sup-
pose you use a velocity selector to obtain singly ionized (missing
one electron) atoms of speed and you want to bend
them within a uniform magnetic field in a semicircle of diameter
25.0 cm for the The measured masses of these isotopes are

and (a) What
strength of magnetic field is required? (b) What is the diameter of
the semicircle? (c) What is the separation of the and 
ions at the detector at the end of the semicircle? Is this distance
large enough to be easily observed?
27.74 .. CP An Electromagnetic Rail Gun. A conducting bar
with mass and length slides over horizontal rails that are con-
nected to a voltage source. The voltage source maintains a constant
current in the rails and bar, and a constant, uniform, vertical mag-
netic field fills the region between the rails (Fig. P27.74).
(a) Find the magnitude and direction of the net force on the con-
ducting bar. Ignore friction, air resistance, and electrical resistance.
(b) If the bar has mass find the distance that the bar must
move along the rails from rest to attain speed (c) It has been sug-
gested that rail guns based on this principle could accelerate pay-
loads into earth orbit or beyond. Find the distance the bar must
travel along the rails if it is to reach the escape speed for the earth

Let
and For simplicity asssume the net force on the object
is equal to the magnetic force, as in parts (a) and (b), even though
gravity plays an important role in an actual launch in space.

27.75 . A long wire carrying a
6.00-A current reverses direc-
tion by means of two right-
angle bends, as shown in Fig.
P27.75. The part of the wire
where the bend occurs is in a
magnetic field of 0.666 T con-
fined to the circular region of
diameter 75 cm, as shown. Find
the magnitude and direction of
the net force that the magnetic
field exerts on this wire.

L = 50 cm.
25 kg,m =I = 2.0 * 103 A,B = 0.80 T,111.2 km>s2.

v.
dm,

B
S

I

Lm

13C12C13C

2.16 * 10-26 kg 113C2.1.99 * 10-26 kg 112C212C.

8.50 km>s,

13C12C

B
S
v.

q
R 27.76 . A wire 25.0 cm long lies along the z-axis and carries a

current of 7.40 A in the -direction. The magnetic field is uni-
form and has components and

(a) Find the components of the magnetic force on
the wire. (b) What is the magnitude of the net magnetic force on
the wire?
27.77 .. CP The rectangular loop
of wire shown in Fig. P27.77
has a mass of 0.15 g per cen-
timeter of length and is pivoted
about side on a frictionless
axis. The current in the wire is
8.2 A in the direction shown.
Find the magnitude and direction
of the magnetic field parallel to
the y-axis that will cause the
loop to swing up until its plane
makes an angle of with the
yz-plane.
27.78 .. The rectangular loop
shown in Fig. P27.78 is pivoted
about the y-axis and carries a
current of 15.0 A in the direction
indicated. (a) If the loop is in a
uniform magnetic field with
magnitude 0.48 T in the -
direction, find the magnitude and
direction of the torque required
to hold the loop in the position
shown. (b) Repeat part (a) for the
case in which the field is in the

-direction. (c) For each of 
the above magnetic fields, what
torque would be required if the
loop were pivoted about an axis
through its center, parallel to the
y-axis?
27.79 .. CP CALC A thin, uniform
rod with negligible mass and length
0.200 m is attached to the floor by a
frictionless hinge at point P (Fig.
P27.79). A horizontal spring with
force constant con-
nects the other end of the rod to a ver-
tical wall. The rod is in a uniform
magnetic field directed
into the plane of the figure. There is
current in the rod, in the
direction shown. (a) Calculate the
torque due to the magnetic force on the rod, for an axis at P. Is it
correct to take the total magnetic force to act at the center of grav-
ity of the rod when calculating the torque? Explain. (b) When the
rod is in equilibrium and makes an angle of with the floor, is
the spring stretched or compressed? (c) How much energy is stored
in the spring when the rod is in equilibrium?
27.80 .. The loop of wire shown in Fig. P27.80 forms a right tri-
angle and carries a current in the direction shown. The
loop is in a uniform magnetic field that has magnitude 
and the same direction as the current in side PQ of the loop. 
(a) Find the force exerted by the magnetic field on each side of the
triangle. If the force is not zero, specify its direction. (b) What is the
net force on the loop? (c) The loop is pivoted about an axis that lies
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 27.4. IDENTIFY:   Apply Newton’s second law, with the force being the magnetic force. 

SET UP:   ˆ ˆ ˆ× = −j i k  

EXECUTE:   m q= = ×F a v B
G GG G

 gives 
q
m
×= v Ba
GGG

 and  

8 4
2

3

ˆ ˆ(1 22 10  C)(3 0 10  m/s)(1 63 T)( ) ˆ(0 330 m/s ) .
1 81 10  kg

−

−
. × . × . ×= = − .

. ×
j ia kG

 

EVALUATE:   The acceleration is in the -directionz−  and is perpendicular to both vG  and .B
G

 

 27.5. IDENTIFY:   Apply sinF q vB φ=  and solve for v. 

SET UP:   An electron has 
19

1 60 10  C.q −= − . ×  

EXECUTE:   
15

6

19 3

4 60 10  N
9 49 10 m/s

sin (1 6 10  C)(3 5 10  T)sin60

Fv
q B φ

−

− −
. ×= = = . ×

. × . × °
 

EVALUATE:   Only the component sinB φ  of the magnetic field perpendicular to the velocity contributes to 

the force. 

 27.6. IDENTIFY:   Apply Newton’s second law and sin .F q vB φ=  

SET UP:   φ  is the angle between the direction of vG and the direction of .B
G

 

EXECUTE:   (a) The smallest possible acceleration is zero, when the motion is parallel to the magnetic 

field. The greatest acceleration is when the velocity and magnetic field are at right angles: 

19 6 2
16 2

31

| | (1 6 10 C)(2 50 10 m/s)(7 4 10 T)
3 25 10 m/s .

(9 11 10 kg)

q vBa
m

− −

−
. × . × . ×= = = . ×

. ×
 

(b) If 16 21

4

| | sin
(3 25 10  m/s ) ,

q vBa
m

φ= . × =  then sin 0 25φ = .  and 14 5 .φ = . °  

EVALUATE:   The force and acceleration decrease as the angle φ  approaches zero. 

 27.7. IDENTIFY:   Apply .q= ×F v B
G GG

 

SET UP:   ˆ,yv=v jG
 with 

3
3 80 10 m/s.yv = − . ×  

3
7 60 10 N, 0,x yF F−= + . × =  and 

3
5 20 10 N.zF

−= − . ×  

EXECUTE:   (a) ( ) .x y z z y y zF q v B v B qv B= − =  

3 6 3
/ (7 60 10 N)/[(7 80 10 C)( 3 80 10 m/s)] 0 256 Tz x yB F qv − −= = . × . × − . × = − .  

( ) 0,y z x x zF q v B v B= − =  which is consistent with F
G

 as given in the problem. There is no force 

component along the direction of the velocity. 

( ) .z x y y x y xF q v B v B qv B= − = −  / 0 175 T.x z yB F qv= − = − .  

(b) yB  is not determined. No force due to this component of B
G

 along ;vG  measurement of the force tells 

us nothing about .yB  

(c) 3 3
( 0 175 T)( 7 60 10  N) ( 0 256 T)( 5 20 10  N)x x y y z zB F B F B F − −⋅ = + + = − . + . × + − . − . ×B F

G G
 

0.⋅ =B F
G G

 B
G

 and F
G

 are perpendicular (angle is 90 ).°  

EVALUATE:   The force is perpendicular to both vG  and ,B
G

 so ⋅v F
GG

 is also zero. 

 27.8. IDENTIFY and SET UP:   ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ[ ( ) ( ) ( )] [ ( ) ( )].z x y z z x yq qB v v v qB v v= × = × + × + × = − +F v B i k j k k k j i
G GG

 

EXECUTE:   (a) Set the expression for F
G

 equal to the given value of F
G

 to obtain: 

7

9

(7 40 10 N)
106 m/s

( 5 60 10 C)( 1 25 T)

y
x

z

F
v

qB

−

−
. ×= = = −

− − − . × − .
 

7

9

(3 40 10 N)
48 6 m/s.

( 5 60 10 C)( 1 25 T)

x
y

z

Fv
qB

−

−
− . ×= = = − .

− . × − .
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(b) The directions of  and dB A
GG

 are shown in Figure 27.11a. 
 

 cos

with 53 1

d B dAφ
φ

⋅ =
= . °

B A
GG

 

Figure 27.11a   
 

B and φ  are constant over the circular area so cos cos cosB d B dA B dA B Aφ φ φΦ = ⋅ = = =∫ ∫ ∫B A
GG

 

2 3(0 230 T)cos53 1 (0 01327 m ) 1 83 10  Wb.B
−Φ = . . ° . = . ×  

(c) The directions of  and dB A
GG

 are shown in Figure 27.11b. 
 

 0 since  and  are perpendicular ( 90 ) d d φ⋅ = = °B A A B
G GG G

 

0.B dΦ = ⋅ =∫B A
GG

 

Figure 27.11b   
 

EVALUATE:   Magnetic flux is a measure of how many magnetic field lines pass through the surface. It is 
maximum when B

G
 is perpendicular to the plane of the loop (part a) and is zero when B

G
 is parallel to the 

plane of the loop (part c). 
 27.12. IDENTIFY:   Knowing the area of a surface and the magnetic flux through it, we want to find the magnetic 

field needed to produce this flux. 
SET UP:   cosB BA φΦ =  where 60 0 .φ = . °  

EXECUTE:   Solving cosB BA φΦ =  for B gives 
44 20 10  Wb

0 938 T.
cos (0 0280 m)(0 0320 m)cos60 0
BB

A φ

−Φ . ×= = = .
. . . °

 

EVALUATE:   This is a fairly strong magnetic field, but not impossible to achieve in modern laboratories. 
 27.13. IDENTIFY:   The total flux through the bottle is zero because it is a closed surface.  

SET UP:   The total flux through the bottle is the flux through the plastic plus the flux through the open cap, 
so the sum of these must be zero. plastic cap 0.Φ + Φ =  

2
plastic cap cos ( )cosB A B rφ π φΦ = −Φ = − = −  

EXECUTE:   Substituting the numbers gives 2 –4
plastic (1.75 T) (0.0125 m)  cos 25 –7.8 10  WbπΦ = − ° = ×  

EVALUATE:   It would be very difficult to calculate the flux through the plastic directly because of the 
complicated shape of the bottle, but with a little thought we can find this flux through a simple calculation. 

 27.14. IDENTIFY:   When B
G

 is uniform across the surface, cos .B BA φΦ = ⋅ =B A
GG

 

SET UP:   A
G

 is normal to the surface and is directed outward from the enclosed volume. For surface abcd, 
ˆ.A= −A i

G
 For surface befc, ˆ.A= −A k

G
 For surface aefd, cos 3/5φ =  and the flux is positive. 

EXECUTE:   (a) ( ) 0.B abcdΦ = ⋅ =B A
GG

 

(b) ( ) (0 128 T)(0 300 m)(0 300 m) 0 0115 Wb.B befcΦ = ⋅ = − . . . = − .B A
GG

 

(c) 3
5

( ) cos (0 128 T)(0 500 m)(0 300 m) 0 0115 Wb.B aefd BA φΦ = ⋅ = = . . . = + .B A
GG

 

(d) The net flux through the rest of the surfaces is zero since they are parallel to the x-axis. The total flux is 
the sum of all parts above, which is zero. 
EVALUATE:   The total flux through any closed surface, that encloses a volume, is zero. 

 27.15. (a) IDENTIFY:   Apply Eq. (27.2) to relate the magnetic force F
G

 to the directions of  and .v B
GG

 The electron 

has negative charge so F
G

 is opposite to the direction of .×v B
GG

 For motion in an arc of a circle the 

acceleration is toward the center of the arc so F
G

 must be in this direction. 2/ .a v R=  
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(b) IDENTIFY and SET UP:   The speed is constant so distance/ .t v=  

EXECUTE:   
3

8
5

(6 96 10  m) 2 62 10  s
8 35 10  m/s

Rt
v

π π −
−. ×= = = . ×

. ×
 

(c) IDENTIFY and SET UP:   kinetic energy gained electric=  potential energy lost 

EXECUTE:   21
2 mv q V=  

2 27 5 2
3

19
(3 34 10  kg)(8 35 10  m/s) 7 27 10  V 7 27 kV

2 2(1 602 10  C)
mvV

q

−

−
. × . ×= = = . × = .

. ×
 

EVALUATE:   The deutron has a much larger mass to charge ratio than an electron so a much larger B is 
required for the same v and R. The deutron has positive charge so gains kinetic energy when it goes from 
high potential to low potential. 

 27.22. IDENTIFY:   For motion in an arc of a circle, 
2va

R
=  and the net force is radially inward, toward the center 

of the circle. 
SET UP:   The direction of the force is shown in Figure 27.22. The mass of a proton is 271 67 10  kg.−. ×  

EXECUTE:   (a) F
G

 is opposite to the right-hand rule direction, so the charge is negative. m=F a
G G  gives 

2
sin .vq v B m

R
φ =  90φ = °  and 

19
6

27
3(1 60 10  C)(0 250 T)(0 475 m) 2 84 10  m/s.

12(1 67 10  kg)
q BR

v
m

−

−
. × . .= = = . ×

. ×
 

(b) 19 6 13sin 3(1 60 10  C)(2 84 10  m/s)(0 250 T)sin90 3 41 10  N.BF q v B φ − −= = . × . × . ° = . ×  
27 2 2512(1 67 10  kg)(9 80 m/s ) 1 96 10  N.w mg − −= = . × . = . ×  The magnetic force is much larger than the 

weight of the particle, so it is a very good approximation to neglect gravity. 
EVALUATE:   (c) The magnetic force is always perpendicular to the path and does no work. The particles 
move with constant speed. 

 

 

Figure 27.22 
 

 27.23. IDENTIFY:   Example 27.3 shows that 2 ,m fB
q
π=  where f is the frequency, in Hz, of the electromagnetic 

waves that are produced. 
SET UP:   An electron has charge q e= −  and mass 319 11 10  kg.m −= . ×  A proton has charge q e= +  and 

mass 271 67 10  kg.m −= . ×  

EXECUTE:   (a) 
31 12

19
2 (9 11 10 kg)2 (3 00 10 Hz) 107 T.

(1 60 10 C)
m fB

q
π π−

−
. × . ×= = =

. ×
 This is about 2.4 times the 

greatest magnitude of magnetic field yet obtained on earth. 
(b) Protons have a greater mass than the electrons, so a greater magnetic field would be required to 
accelerate them with the same frequency and there would be no advantage in using them. 
EVALUATE:   Electromagnetic waves with frequency 3 0 THzf = .  have a wavelength in air of 

41 0 10  m.v
f

λ −= = . ×  The shorter the wavelength the greater the frequency and the greater the magnetic 

field that is required. B depends only on f and on the mass-to-charge ratio of the particle that moves in the 
circular path. 
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 27.39. IDENTIFY:   Apply sin .F IlB φ=  
SET UP:   Label the three segments in the field as a, b, and c. Let x be the length of segment a. Segment b has 
length 0.300 m and segment c has length 0 600 m x. − .  Figure 27.39a shows the direction of the force on each 
segment. For each segment, 90 .φ = °  The total force on the wire is the vector sum of the forces on each segment. 
EXECUTE:   (4 50 A) (0 240 T).aF IlB x= = . .  (4 50 A)(0 600 m )(0 240 T).cF x= . . − .  Since aF

G
 and cF

G
 are 

in the same direction their vector sum has magnitude 
(4 50 A)(0 600 m)(0 240 T) 0 648 Nac a cF F F= + = . . . = .  and is directed toward the bottom of the page in 

Figure 27.39a. (4 50 A)(0 300 m)(0 240 T) 0 324 NbF = . . . = .  and is directed to the right. The vector 

addition diagram for acF
G

 and bF
G

 is given in Figure 27.39b. 

2 2 2 2(0 648 N) (0 324 N) 0 724 N.ac bF F F= + = . + . = .  0 648 Ntan
0 324 N

ac

b

F
F

θ .= =
.

 and 63 4 .θ = . °  The net 

force has magnitude 0.724 N and its direction is specified by 63 4θ = . ° in Figure 27.39b. 
EVALUATE:   All three current segments are perpendicular to the magnetic field, so 90φ = °  for each in the 
force equation. The direction of the force on a segment depends on the direction of the current for that segment. 

 

    
Figure 27.39 

 

 27.40. IDENTIFY and SET UP:   sin .F IlB φ=  The direction of F
G

is given by applying the right-hand rule to the 
directions of I and .B

G
 

EXECUTE:   (a) The current and field directions are shown in Figure 27.40a. The right-hand rule gives that 
F
G

 is directed to the south, as shown. 90φ = °  and 
2 3(1.20 A)(1.00 10 m)(0.588 T) 7.06 10 N.F − −= × = ×  

(b) The right-hand rule gives that F
G

 is directed to the west, as shown in Figure 27.40b. 90φ = °  and 
37 06 10  N,F −= . ×  the same as in part (a). 

(c) The current and field directions are shown in Figure 27.40c. The right-hand rule gives that F
G

 is 60 0. °  
north of west. 90φ = °  so 37 06 10  N,F −= . ×  the same as in part (a). 
EVALUATE:   In each case the current direction is perpendicular to the magnetic field. The magnitude of 
the magnetic force is the same in each case but its direction depends on the direction of the magnetic field. 

 

       
Figure 27.40 
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(c) Maximum area is when the loop is circular. 0 050 m 0 080 m 0 0414 mR
π

. + .= = .  

2 3 25 38 10 mA Rπ −= = . ×  and 3 2 3(6 2 A)(5 38 10 m )(0 19 T) 6 34 10 N mτ − −= . . × . = . × ⋅  
EVALUATE:   The torque is a maximum when the field is in the plane of the loop and 90 .φ = °  

27.45.  IDENTIFY:   The wire segments carry a current in an external magnetic field. Only segments ab and cd will 
experience a magnetic force since the other two segments carry a current parallel (and antiparallel) to the 
magnetic field. Only the force on segment cd will produce a torque about the hinge. 
SET UP:   sin .F IlB φ=  The direction of the magnetic force is given by the right-hand rule applied to the 

directions of I and .B
G

 The torque due to a force equals the force times the moment arm, the perpendicular 
distance between the axis and the line of action of the force. 
EXECUTE:   (a) The direction of the magnetic force on each segment of the circuit is shown in Figure 27.45. 
For segments bc and da the current is parallel or antiparallel to the field and the force on these segments is zero. 

 

 

Figure 27.45 
 

(b) abF
G

 acts at the hinge and therefore produces no torque. cdF
G

 tends to rotate the loop about the hinge so 
it does produce a torque about this axis. sin (5 00 A)(0 200 m)(1 20 T)sin90 1 20 NcdF IlB φ= = . . . ° = .  
(c) (1 20 N)(0 350 m) 0 420 N m.Flτ = = . . = . ⋅  
EVALUATE:   The torque is directed so as to rotate side cd out of the plane of the page in Figure 27.45. 

 27.46. IDENTIFY:   sin ,IABτ φ=  where φ  is the angle between B
G

 and the normal to the loop. 
SET UP:   The coil as viewed along the axis of rotation is shown in Figure 27.46a for its original position 
and in Figure 27.46b after it has rotated 30 0 .. °  
EXECUTE:   (a) The forces on each side of the coil are shown in Figure 27.46a. 1 2 0+ =F F

G G
 and 

3 4 0.+ =F F
G G

 The net force on the coil is zero. 0φ = °  and sin 0,φ =  so 0.τ =  The forces on the coil 
produce no torque. 
(b) The net force is still zero. 30.0φ = °  and the net torque is 

(1)(1 40 A)(0 220 m)(0 350 m)(1 50 T)sin30 0 0 0808 N m.τ = . . . . . ° = . ⋅  The net torque is clockwise in  
Figure 27.46b and is directed so as to increase the angle .φ  
EVALUATE:   For any current loop in a uniform magnetic field the net force on the loop is zero. The torque 
on the loop depends on the orientation of the plane of the loop relative to the magnetic field direction. 

 

    
Figure 27.46 
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For the loop to be in equilibrium the torque due to B
G

 must be counterclockwise (opposite to mg
Gτ  ) and it 

must be that .B mgτ τ=  See Figure 27.77c. 
 

 .B = ×B
GG Gτ µ  For this torque to be counter- 

clockwise ( B
Gτ  directed out of the paper),  

B
G

 must be in the -direction.y+  

Figure 27.77c   
 

sin sin60 0B B IABτ µ φ= = . °  
 gives sin 60 0 (0 0400 m)sin30 0B mg IAB mgτ τ= . ° = . . °  

3(0 15 g/cm)2(8 00 cm 6 00 cm) 4 2 g 4 2 10  kgm −= . . + . = . = . ×  
3 2(0 0800 m)(0 0600 m) 4 80 10  mA −= . . = . ×  

(0 0400 m)(sin30 0 )
sin 60 0

mgB
IA

. . °=
. °

 

3 2

3 2
(4 2 10  kg)(9 80 m/s )(0 0400 m)sin30 0 0 024 T

(8 2 A)(4 80 10  m )sin60 0
B

−

−
. × . . . °= = .

. . × . °
 

EVALUATE:   As the loop swings up the torque due to B
G

 decreases to zero and the torque due to mg 
increases from zero, so there must be an orientation of the loop where the net torque is zero. 

 27.78. IDENTIFY:   The torque exerted by the magnetic field is .= ×B
GG Gτ µ  The torque required to hold the loop in 

place is .− Gτ  
SET UP:   .IAµ =  Gµ  is normal to the plane of the loop, with a direction given by the right-hand rule that is 
illustrated in Figure 27.32 in the textbook. sin ,IABτ φ=  where φ  is the angle between the normal to the 
loop and the direction of .B

G
 

EXECUTE:   (a) sin 60 (15 0 A)(0 060 m)(0 080 m)(0 48 T)sin60 0 030 N m,IABτ = ° = . . . . ° = . ⋅  in the ˆ− j  

direction. To keep the loop in place, you must provide a torque in the ˆ+ j  direction. 

(b) sin 30 (15 0 A)(0 60 m)(0 080 m)(0 48 T)sin30 0 017 N m,IABτ = ° = . . . . ° = . ⋅  in the ˆ+ j  direction. You 

must provide a torque in the ˆ− j  direction to keep the loop in place. 
EVALUATE:   (c) If the loop was pivoted through its center, then there would be a torque on both sides of 
the loop parallel to the rotation axis. However, the lever arm is only half as large, so the total torque in each 
case is identical to the values found in parts (a) and (b). 

 27.79. IDENTIFY:   Use Eq. (27.20) to calculate the force and then the torque on each small section of the rod and 
integrate to find the total magnetic torque. At equilibrium the torques from the spring force and from the 
magnetic force cancel. The spring force depends on the amount x the spring is stretched and then 

21
2U kx=  gives the energy stored in the spring. 

(a) SET UP:    
 

 Divide the rod into infinitesimal sections  
of length dr, as shown in Figure 27.79. 

Figure 27.79   


