CHAPTER 28: Sources of Magnetic Field

Responses to Questions

Alternating currents will have little effect on the compass needle, due to the rapid change of the
direction of the current and of the magnetic field surrounding it. Direct currents will deflect a
compass needle. The deflection depends on the magnitude and direction of the current and the
distance from the current to the compass. The effect on the compass decreases with increasing
distance from the wire.

The magnetic field due to a long straight current is proportional to the current strength. The electric
field due to a long straight line of electric charge at rest is proportional to the charge per unit length.
Both fields are inversely proportional to the distance from the wire or line of charge. The magnetic
field lines form concentric circles around the wire; the electric field lines are directed radially
outward if the line of charge is positive and radially inward if the line of charge is negative.

The magnetic forces exerted on one wire by the other try to align the wires. The net force on either
wire is zero, but the net torque is not zero.

Yes. Assume the upper wire is fixed in position. Since the currents in the wires are in the same
direction, the wires will attract each other. The lower wire will be held in equilibrium if this force of
attraction (upward) is equal in magnitude to the weight of the wire (downward).

(a) The current in the lower wire is opposite in direction to the current in the upper wire.

(b) The upper wire can be held in equilibrium due to the balance between the magnetic force from
the lower wire and the gravitational force. The equilibrium will be stable for small vertical
displacements, but not for horizontal displacements.

(@) Let I,=1. ¢B-dl=pl, =u(1,+1)=2n]
(b) Let I, =-1. §B-dl=pl, =p(I,+1)=0

Inside the cavity B =0 since the geometry is cylindrical and no current is enclosed.

Construct a closed path similar to that shown in part (@) of the figure, such that sides ab and c¢d are
perpendicular to the field lines and sides bc and da lie along the field lines. Unlike part (a), the path
will not form a rectangle; the sides ab and cd will flare outward so that side bc is longer than side da.
Since the field is stronger in the region of da than it is in the region of bc, but da is shorter than bc,

enc

the contributions to the integral in Ampére’s law may cancel. Thus, g/, = (ﬁﬁ .d 0 =0 is possible

and the field is consistent with Ampere’s law. The lines could not curve upward instead of
downward, because then b¢c would be shorter than da and it would not be possible for the
contributions to sum to zero.

The equation for the magnetic field strength inside a solenoid is given by B = g nl.

(a) The magnetic field strength is not affected if the diameter of the loops doubles.
(b) If the spacing between the loops doubles, the number of loops per unit length decreases by a
factor of 2, and the magnetic field strength then also decreases by a factor of 2.
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(¢) Ifthe solenoid’s length is doubled along with the doubling of the total number of loops, then the
number of loops per unit length remains the same, and the magnetic field strength is not
affected.

The Biot-Savart law states that the net field at a point in space is the vector sum of the field
contributions due to each infinitesimal current element. As shown in Example 28-12, the magnetic
field along the axis of a current loop is parallel to the axis because the perpendicular field
contributions cancel. However, for points off the axis, the perpendicular contributions will not
cancel. The net field for a point off the axis will be dominated by the current elements closest to it.
For example, in Figure 28-21, the field lines inside the loop but below the axis curve downward,
because these points in space are closer to the lower segment of the loop (where the current goes into
the page) than they are to the upper segment (where the current comes out of the page).

No. The magnetic field varies in strength and direction for points in the plane of the loop. The
magnetic field is strongest at the center of the loop.

The lead-in wires to electrical devices have currents running in opposite directions. The magnetic
fields due to these currents are therefore also opposite in direction. If the wires are twisted together,
then the distance from a point outside the wires to each of the individual wires is about the same, and
the field contributions from the two wires will cancel. If the wires were not twisted and were
separate from each other, then a point outside the wires would be a different distance from one of the
wires than from the other, and there would be a net field due to the currents in the wires.

The Biot-Savart law and Coulomb’s law are both inverse-square in the radius and both contain a
proportionality constant. Coulomb’s law describes a central force; the Biot-Savart law involves a

cross product of vectors and so cannot describe a central force.
2

k
(a) The force between two identical electric charges is given by Coulomb’s law: F = iz
r

Magnetic pole strength of a bar magnet could be defined using an analogous expression for the
2

um

magnetic force between the poles of two identical magnets: F = s
zr

~. Then, magnetic pole

47 Fr’

7]
with their poles facing each other a distance r apart and measure the force between them.

(b) The magnetic pole strength of a current loop could be defined the same way by using two
identical current loops instead of two bar magnets.

strength, m, would be given by m = . To determine m, place two identical magnets

Determine the magnetic field of the Earth at one of the magnetic poles (north or south), and use
Equation 28-7b to calculate the magnetic moment. In this equation, x will be (approximately) the
radius of the Earth.

To design a relay, place an iron rod inside a solenoid, with the
solenoid oriented such that one end of it is facing a second iron _

rod on a pivot. The second iron rod functions as a switch for SRR ;

the large-current circuit and is normally held open by a spring.

When current flows through the solenoid, the iron rod inside it =

becomes magnetized and attracts the second iron rod, closing
the switch and allowing current to flow.

iron rod on pivot
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(a) The source of the kinetic energy is the attractive force produced by the magnetic field from the
magnet acting on the magnetic moments of the atoms in the iron.

(b) When the block strikes the magnet, some of the kinetic energy from the block is converted into
kinetic energy in the iron atoms in the magnet, randomizing their magnetic moments and
decreasing the overall field produced by the magnet. Some of the kinetic energy of the block as
a whole is also converted into the kinetic energy of the individual atoms in the block, resulting
in an increase in thermal energy.

No, a magnet with a steady field will only attract objects made of ferromagnetic materials.
Aluminum is not ferromagnetic, so the magnetic field of the magnet will not cause the aluminum to
become a temporary magnet and therefore there will be no attractive force. Iron is ferromagnetic, so
in the presence of a magnet, the domains in a piece of iron will align such that it will be attracted to
the magnet.

An unmagnetized nail has randomly oriented domains and will not generate an external magnetic
field. Therefore, it will not attract an unmagnitized paper clip, which also has randomly oriented
domains. When one end of the nail is in contact with a magnet, some of the domains in the nail align,
producing an external magnetic field and turning the nail into a magnet. The magnetic nail will cause
some of the domains in the paper clip to align, and it will be attracted to the nail.

Yes, an iron rod can attract a magnet and a magnet can attract an iron rod. Consider Newton’s third
law. If object A attracts object B then object B attracts object A.

Domains in ferromagnetic materials in molten form were aligned by the Earth’s magnetic field and
then fixed in place as the material cooled.

Yes. When a magnet is brought near an unmagnetized piece of iron, the magnet’s field causes a
temporary alignment of the domains of the iron. If the magnet’s north pole is brought near the iron,
then the domains align such that the temporary south pole of the iron is facing the magnet, and if the
magnet’s south pole is closest to the iron, then the alignment will be the opposite. In either case, the
magnet and the iron will attract each other.

The two rods that have ends that repel each other will be the magnets. The unmagnetized rod will be
attracted to both ends of the magnetized rods.

No. If they were both magnets, then they would repel one another when they were placed with like
poles facing each other. However, if one is a magnet and the other isn’t, they will attract each other
no matter which ends are placed together. The magnet will cause an alignment of the domains of the
non-magnet, causing an attraction.

(a) The magnetization curve for a paramagnetic substance is a straight line with slope slightly
greater than 1. It passes through the origin; there is no hysteresis.

(b) The magnetization curve for a diamagnetic substance is a straight line with slope slightly less
than 1. It passes through the origin; there is no hysteresis.

The magnetization curve for a ferromagnetic substance is a hysteresis curve (see Figure 28-29).

(a) Yes. Diamagnetism is present in all materials but in materials that are also paramagnetic or
ferromagnetic, its effects will not be noticeable.

(b) No. Paramagnetic materials are nonferromagnetic materials with a relative permeability greater
than one.

(¢) No. Ferromagnetic materials are those that can be magnetized by alignment of their domains.
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Solutions to Problems

We assume the jumper cable is a long straight wire, and use Eq. 28-1.

ol (47x107 Tem/A)(65A) A T1AX10°T ~

“* " 2zr 272(0.035m)
Compare this to the Earth’s field of 0.5x107*T .
3.714x10"'T
Bcable/ Earth = ;—5
50x10°T

=7.43, so | the field of the cable is over 7 times that of the Earth|

2. We assume that the wire is long and straight, and use Eq. 28-1.

272(0.15m)(0.50x107*T
Bwire:ﬂ—"] L =B _ ~( m)(7 - ):37.5Az
27 4 47 %107 Tem/A

3. Since the currents are parallel, the force on each wire will be attractive, toward the other wire. Use
Eq. 28-2 to calculate the magnitude of the force.

g ot iy (47x107TmA) (35A)
Y2z d 27 (0.040m)

(25m) ={0.15N, attractive

4. Since the force is attractive, the currents must be in the same direction, so the current in the second
wire must also be upward. Use Eq. 28-2 to calculate the magnitude of the second current.

Il
F= 4L L
2z d
27 F, d 2 0.070
=22 (7.8%107 N/m) =" = 9.75A ~[9.8A upward
4, I, 4zrx107 Tom/A 28A
5. To find the direction, draw a radius line from the wire to the field point. <« \
Then at the field point, draw a perpendicular to the radius line, directed so ¢ D

that the perpendicular line would be part of a counterclockwise circle.

4O,

/L

6. For the experiment to be accurate to £2.0% , the magnetic field due to the current in the cable must
be less than or equal to 2.0% of the Earth’s magnetic field. Use Eq. 28-1 to calculate the magnetic
field due to the current in the cable.

B, =4t

cable —

27(1.00 0.020)(0.5x107*T
<0.020B,, — I< 27 (0.0208,,,,) _ 27(1.00m){ - )(05x10°T)
27r 4 47 %107 Tem/A
Thus the maximum allowable current is .

=5.0A
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Since the magnetic field from a current carrying wire circles the

wire, the individual field at point P from each wire is perpendicular : B,
to the radial line from that wire to point P. We define B, as the 4
_ 6.0
field from the top wire, and B, as the field from the bottom wire. B <
2
We use Eq. 28-1 to calculate the magnitude of each individual % 4
field. i
w1 (47x107 Tem/A)(35A) ) B
B1 =10 =1.17x10"T 10.0 cm
27, 27(0.060m)
7 (47x107 Tem/A)(35A
B, =1 il /AN ) 7 00x10°T ,
2rr, 27(0.100m)

We use the law of cosines to determine the angle that the radial 2

line from each wire to point P makes with the vertical. Since the field is perpendicular to the radial
line, this is the same angle that the magnetic fields make with the horizontal.

2 2 2
0 = cos” (0.060 m)” +(0.130 m)’ ~(0.100m)" | _ __
2(0.060 m)(0.130 m)

(
2 2 2
0, cos” (0.100 m)" +(0.130m)° - (0.060m)" | .,
2(0.100 m)(0.130 m)

Using the magnitudes and angles of each magnetic field we calculate the horizontal and vertical
components, add the vectors, and calculate the resultant magnetic field and angle.

B,,, =B, cos(6)—B,cos6, =(1.174x10T)cos47.7° —(7.00x 10" T)c0s 26.3° =1.626x 10 ° T
B, =B sin(6,)+B,sing =(1.17x10"T)sin47.7° +(7.00x10°T)sin 26.3° =1.18x10*T

B, +B,, :\/(1.626x10’5 T) +(1.18x107* T) =1.19x10™* T

B 4
f=tan™' L = tan™" % =82.2°
1.626x10> T

net,y

B=1.19x10" T @ 82.2°~(1.2x10"T @ 82°

8. At the location of the compass, the magnetic field caused by the wire will point to B, B
the west, and the Earth’s magnetic field points due North. The compass needle B....
will point in the direction of the NET magnetic field.

1 (47x107 Tem/A)(43A 0
Bwire = ﬂo = ( / )( ) = 478 X 1075T E
27r 27(0.18m) wire
B 4.5x10°T
0 =tan"' b — tan”' X—S =[43°N of W
e 4.78x107T

9. The magnetic field due to the long horizontal wire points straight up at the B,
point in question, and its magnitude is given by Eq. 28-1. The two fields are
oriented as shown in the diagram. The net field is the vector sum of the two T
fields. 7

I (47x107 T-m/A)(24.0A B,
B, =%b _ /A)(2404) =2.40%10°T )
27y 2z (0.200 m) B...
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B =50x10"T

Earth

B =B, cos44° =3.60x10"T B, =B, —B,,sin44 =-1.07x10"T

netx nety wire 7 Earth
B, =B +B., = \/(3.60 x10°T)" +(~1.07x10°T)" =[3.8x10°T
B -1.07x10°T
6 =tan' =2 =tan"' ;5 = |17° below the horizontal|
3.60x10°T

net x

10. The stream of protons constitutes a current, whose magnitude is found by multiplying the proton rate
times the charge of a proton. Then use Eq. 28-1 to calculate the magnetic field.

o Al (47 %107 Tem/A)(2.5x10 protons/s ) (1.60 x 10" C/proton ) _
2rr 27[(2.0 m)

stream

11. (a) Ifthe currents are in the same direction, the magnetic fields at the midpoint between the two
currents will oppose each other, and so their magnitudes should be subtracted.

I I (47 %107 Tem/A
A / )(1—25A)= (20x10° T/A)(1-25A)
2z, 27, 27(0.010m)
(b) If the currents are in the opposite direction, the magnetic fields at the midpoint between the two

currents will reinforce each other, and so their magnitudes should be added.

/uoll /uolz (4” x10°" T.m/A)

e 1+25A) =|(2.0x10° T/A) (I +25A
2mr 27r,  27(0.010m) ( )=|(2.0x10”T/A)( )

1

net

net

12. Using the right-hand-rule we see that if the currents flow in the same direction, the magnetic fields
will oppose each other between the wires, and therefore can equal zero at a given point. Set the sum
of the magnetic fields from the two wires equal to zero at the point 2.2 cm from the first wire and use
Eq. 28-1 to solve for the unknown current.

B =0-= Mol 3 M, . n I = 6.0cm—-2.2cm (2.0A) _35A
2rr, 2z, n 2.2cm
Use the right hand rule to determine the direction of the magnetic field \
from each wire. Remembering that the magnetic field is inversely 1 By

proportional to the distance from the wire, qualitatively add the magnetic
field vectors. The magnetic field at point #2 is zero.

BB
1 ® /B(:

14. The fields created by the two wires will oppose each other, so the net field is the difference of the
magnitudes of the two fields. The positive direction for the fields is taken to be into the paper, and
so the closer wire creates a field in the positive direction, and the farther wire creates a field in the
negative direction. Let d be the separation distance of the wires.

P ol plf 1 L) _alf 1 !
27 27r, 2\ r . 2z\r-td r+id

closer farther closer farther
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:%((r—; ;l(rﬂd)j

(47x107 Tem/A)(28.0A) 0.0028 m
27 (0.10m—0.0014m)(0.10m +0.0014 m)

~1.568x10°T ~[1.6x10°T]

Compare this to the Earth’s field of 0.5x107*T .
_ 1.568x10°T

net/ Earth — —4
0.5x10°'T
[The field of the wires is about 3% that of the Earth|

=0.031

15. The center of the third wire is 5.6 mm from the left wire, and 2.8 mm from the right wire. The force
on the near (right) wire will attract the near wire, since the currents are in the same direction. The
force on the far (left) wire will repel the far wire, since the currents oppose each other. Use Eq. 28-2
to calculate the force per unit length.

L,
“ond_

P _H L1, - 47 x10” Tem/A (25'0A) (ZS'OA) = |0.050N/m attractive
L. 27d_, 27 2.8x10°m ’
F = iif

far 272_ dfa.r far
_u, I, Arx107 Tem/A (25.0A)(28.0A
27 d 2 5.6x10°m

far

¢

) = |0.025 N/ m, repelling|

far far

16. (a) We assume that the power line is long and straight, and use Eq. 28-1.

_ I _ (47r><1077 T-m/A)(95A) :2,235><10'6Tz

" 2z 27(8.5m)
The direction at the ground, from the right hand rule, is . Compare this to the Earth’s field
of 0.5x107*T, which points approximately north.
2.235x10°T
B. . /B, =————F—=0.0447
lme/ Earth OSXIOJ‘T
[The field of the cable is about 4% that of the Earth |

(b) We solve for the distance where B, =B, .

I I 47 x107 T-m/A)(95A
line :&:BEanh - r= ILJO = ( / 4)( ) 20381’1’1% O4m

27r 2B 27(0.5x107T)
So about 0.4 m below the wire, the net B-field would be 0, assuming the Earth’s field points
straight north at this location.

Earth

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

226



Chapter 28 Sources of Magnetic Field

17.

18.

20.

The Earth’s magnetic field is present at both locations in the problem, and we
assume it is the same at both locations. The field east of a vertical wire must be
pointing either due north or due south. The compass shows the direction of the net
magnetic field, and it changes from 28° E of N to 55° E of N when taken inside.
That is a “southerly” change (rather than a “northerly” change), and so the field
due to the wire must be pointing due south. See the diagram. For the angles,

0=28° 0+¢=>55° and B+6+¢=180° andso ¢=27° and S =125°. Use
the law of sines to find the magnitude of B, _, and then use Eq. 28-1 to find the

magnitude of the current.

Bwire _ BEarlh _ Sin¢ _ /u 0 1
sing  sinf e TR eing 27
ing 2 in27° 2
[=p,, 0027, _ (5:0x10°T) = T (0.120m)=[17A
sinf u, sin125° 47 x107 Tem/A

Since the field due to the wire is due south, the current in the wire must be .

The magnetic field at the loop due to the long wire is into the page, and can be calculated by Eq. 28-
1. The force on the segment of the loop closest to the wire is towards the wire, since the currents are
in the same direction. The force on the segment of the loop farthest from the wire is away from the
wire, since the currents are in the opposite direction.

Because the magnetic field varies with distance, it is more difficult to calculate the total force on the
left and right segments of the loop. Using the right hand rule, the force on each small piece of the
left segment of wire is to the left, and the force on each small piece of the right segment of wire is to
the right. If left and right small pieces are chosen that are equidistant from the long wire, the net
force on those two small pieces is zero. Thus the total force on the left and right segments of wire is
zero, and so only the parallel segments need to be considered in the calculation. Use Eq. 28-2.

11 11 1 1
E—nct = Ewar - F;ar = i — £ncar - ﬂ — ffzu' = i1I12£ -
2w d, 2r d 2 d

near far
_ 47 x107 T-m/A
2r

far

1 1
(3.5A)7(0.100m) - = [5.1x10°N, towards wire
0.030m  0.080m

The left wire will cause a field on the x axis that points in the y direction, and the right wire will
cause a field on the x axis that points in the negative y direction. The distance from the left wire to a
point on the x axis is x, and the distance from the right wire is d —x.

B _/10]:_ yy *._,U_ol(l_ 1 jc_ﬂL] d-2x |,
o 27zx”l 27[(@7—36)”l 2w\ x cl—x”l 27 x(a’—x)‘l

The left wire will cause a field on the x axis that points in the negative y direction, and the right wire
will also cause a field on the x axis that points in the negative y direction. The distance from the left
wire to a point on the x axis is x, and the distance from the right wire is d — x.

B __#0(21)3_ Hol jz_lﬂ(2+ 1 )J

x d-—x

o 27x 27r(d - x) 27
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21. The magnetic fields created by the individual currents will be at right angles to each other. The field
due to the top wire will be to the right, and the field due to the bottom wire will be out of the page.
Since they are at right angles, the net field is the hypotenuse of the two individual fields.

2 2
! I 4z x107 Tom/A
B = [ﬂ‘) ‘°") +[”° ""“"mj A, = m/ J(20.0A) +(12.0A

27”?01, 2xr: 2y VP boem 2 (O. 100 m

bottom
~[a.66x1071]

22. The net magnetic field is the vector sum of the magnetic fields
produced by each current carrying wire. Since the individual
magnetic fields encircle the wire producing it, the field is o
perpendicular to the radial line from the wire to point P. We let
B, be the field from the left wire, and B, designate the field

from the right wire. The magnitude of the magnetic field

vectors is calculated from Eq. 28-1. 120cm 130 em
7 (47x107 Tem/A)(16.5A /
B =1t :( /A)( ):2.7500><10’5T /
27 27r(0.12m)
e
47 %107 Tem/A )(16.5A % ' ¢an .
= Ml :( / )( )=2.5385><1075T (o 820 c¢cm

27y, 27(0.13m)

We use the law of cosines to determine the angle that the radial line from each wire to point P makes
with the horizontal. Since the magnetic fields are perpendicular to the radial lines, these angles are
the same as the angles the magnetic fields make with the vertical.

. {(0.12 m)’ +(0.082 m)’ =(0.13 m)’

g =
T 2(0.12 m)(0.082 m)

J =77.606°

2 2 2
6, = cos™ (0.13m)" +(0.082m) —(0.12m)" | _ 64.364°
2(0.13 m)(0.082 m)

Using the magnitudes and angles of each magnetic field we calculate the horizontal and vertical
components, add the vectors, and calculate the resultant magnetic field and angle.

B, =—B,sin(6,)- B,sin6, = —(2.7500x 10 T)sin 77.606° - (2.5385 x 10T  sin 64.364°

=—-49.75x107°T
B, = B, cos(6,)— B, cos6, = (2.7500x10~°T ) cos 77.606° — (2.5385 10T ) cos 64.364°

=-5.080x107°T

B=B. +B, = \/ —49.75x107° T) +(-5.080x10°° T)2 =5.00x10"° T
-6
f=tan™' By =tan~ M—S 83°
n ~49.75x10° T

B=5.00x10" T @ 5.83° below the negative x-axis
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23. (a) The net magnetic field a point y above the center of

the strip can be found by dividing the strip into y _
infinitely thin wires and integrating the field g _dB
contribution from each wire. Since the point is directly 7 dB,
above the center of the strip, we see that the vertical "\_> '
contributions to the magnetic field from symmetric N\ r=fplea?
points on either side of the center cancel out. Therefore, y 6} '
we only need to integrate the horizontal component of N\

the magnetic field. We use Eq. 28-1 for the magnitude
of the magnetic field, with the current given by

dl = ia’x.
d

14 1a
B, J-y sind I = TN dx y ,uoly dx
27xr 2xd a \/x2+y2 \/x2+y2 27m’ x +y’

dl2
I d
— | tan”'| —
wd 2y

-d/2
(b) In the limit of large y, tan™'d /2y ~d/2y.
szﬂ_()[tan71 i zﬂ_()[i:ﬂ_()[
S oxd 2y ) mnd 2y |27my

This is the same as the magnetic field for a long wire.

= il ltan’1 X

2zd y y

24. We break the current loop into the three branches of the triangle and add the forces from each of the
three branches. The current in the parallel branch flows in the same direction as the long straight
wire, so the force is attractive with magnitude given by Eq. 28-2.

2rd

By symmetry the magnetic force for the other two segments will be equal. These two wires can be

broken down into infinitesimal segments, each with horizontal length dx. The net force is found by

integrating Eq. 28-2 over the side of the triangle. We set x=0 at the left end of the left leg. The
distance of a line segment to the wire is then given by r=d + J3x . Since the current in these
segments flows opposite the direction of the current in the long wire, the force will be repulsive.

al2 ,UOII' al2 :uoH \/_a
F, = dx = In d +3x
2o 27z(d + \/§x) 2%\/_ ( )0 27rx/_

We calculate the net force by summing the forces from the three segments.

F=F-2F, = /U()H 2/“011' [ \/_GJ /U()H'|:i_\/_1[ \/_GJ:I

27d 273 z |2d 3 2d

Use Eq. 28-4 for the field inside a solenoid.
#IN Bt (0385x107T)(0.400m)

- 1= N (47 x107 Tom/A)(765) )

B
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26. The field inside a solenoid is given by Eq. 28-4.

B:% N Nzg;e_ (0.30T)(0.32m) :

ml (47 x107 Tem/A)(4.5A)

27. (a) Weuse Eq. 28-1, with » equal to the radius of the wire.
ot _ (47x107 Tem/A)(33 A)

2zr 27(1.25%10 m)
(b) We use the results of Example 28-6, for points inside the wire. Note that » =(1.25-0.50)mm

=53 mT

=0.75mm.
_ wlr :(4;:x10*7T-nyA)(33A)(o.75x10*3m): T
27R’ 27(1.25%107m)’

(c) Weuse Eq. 28-1, with r equal to the distance from the center of the wire.

ul  (47x107 T-m/A)(33 A)
B= - =[1.8 mT]
27 2n(1.25x10*3 m+2.5x107 m) =

28. We use the results of Example 28-10 to find the maximum and minimum fields.
u NI (47x107 Tem/A)(687)(25.0 A)

Bmin = 127 mT
27r,, 27(0.270 m)
47 x107 Tem/A)(687)(25.0 A
B, =M =( s J(87)( )=13.7 mT
27r,;, 27(0.250 m)

[12.7 mT < B <13.7 mT|

29. (a) The copper wire is being wound about an average
diameter that is approximately equal to the outside
diameter of the solenoid minus the diameter of the wire, or
D —d. See the (not to scale) end-view diagram. The

length of each wrapping is 7(D—d). We divide the

length of the wire L by the length of a single winding to
determine the number of loops. The length of the solenoid
is the number of loops multiplied by the outer diameter of
the wire, d.

~ L ,3 20.0m _
f_d;z(z)—d) (2:00<10 m)7[[2.50xlO"Zm—(2.00x10"3m)]

(b) The field inside the solenoid is found using Eq. 28-4. Since the coils are wound closely
together, the number of turns per unit length is equal to the reciprocal of the wire diameter.

L
, _ Htums n(D-d) _fd 1
4 ) ¢ d

ul (47 x107Tem/A)(16.7A)

d 2.00%10 °m =[10.5mT]

B=pynl =—=
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30. (a)

(b)
(©)

Because of the cylindrical symmetry, the magnetic fields will be
circular. In each case, we can determine the magnetic field using
Ampere’s law with concentric loops. The current densities in the wires
are given by the total current divided by the cross-sectional area.

()

(b)

(©)

The magnitude of the magnetic field from each wire is found using Eq. 28-1. The direction of
the magnetic field is perpendicular to the radial vector from the current to the point of interest.
Since the currents are both coming out of the page, the magnetic fields will point
counterclockwise from the radial line. The total magnetic field is the vector sum of the
individual fields.

B=B, +B, =M(—sin¢9ﬁ+cos€lj)+ 2”"1 (—sin¢923+cos923)

2z 7,

_ Ml |[ _sing, sing d cosé’l_’_cosé?2 i
2 7 1 7 I

This equation for the magnetic field shows
that the x-component of the magnetic field
is symmetric and the y-component is anti-
symmetric about 8= 90°.

See sketch.

The two diagrams are similar in shape, as
both form loops around the central axes.
However, the magnetic field lines form a
vector field, showing the direction, not
necessarily the magnitude of the magnetic
field. The equipotential lines are from a
scalar field showing the points of constant
magnitude. The equipotential lines do not
have an associated direction.

A N A [ S
inner 7Z'R12 outer 72'(R32 _ R22)

Inside the inner wire the enclosed current is determined by the
current density of the inner wire.

C_’Sﬁ “ds = pol o = o (Jinner”Rz)

IR’ |2 HloR
7R} 27R}

1

B(27R) = 4,

Between the wires the current enclosed is the current on the inner wire.

B Mol

B-ds=uyl,, — B(2zR)=pl, — |B="=
@ /’l() encl ( ) IUO 0 272_ R
Inside the outer wire the current enclosed is the current from the inner wire and a portion of the
current from the outer wire.

PB-ds = pt e = | Lo+ I (R* =R} |

i 7(R-R;) wl, (R-F)
B(27r) =y, [°_I°m - B_zfog_;m
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(d) Outside the outer wire the net current enclosed is zero.

$B-ds = pl,q =0 > B(27R)=0 —

(e) See the adjacent graph. The 30
spreadsheet used for this problem 2.5 /
can be found on the Media 2.0
Manager, with filename £ 15 /
“PSE4_ISM_CH28XLS"ontab v, * / \
Problem 28.31e. <, / \\
0.0 ; ‘
0.0 0.5 1.0 1.5 2.0 2.5 3.0
R (cm)

32. We first find the constants C; and C; by integrating the currents over each cylinder and setting the

integral equal to the total current.
31,

27R’
=31,

27 (R} - R;)

(a) Inside the inner wire the enclosed current is determined by integrating the current density inside
the radius R.

- t 2 2 31
CﬁB-d§ = Hol opy = :qu‘(ClR’)zﬂ'R’dR' = 5#0”C1R3 = _,uo”[ - JR3

Rl Rl
I, = [ C,R27RAR =27C, [ R*dR = 22RC, > C =
3
0 0

~I, = 27rC21j}R2dR =§;z(R§ -R)C, - C,=
R,

0 3 27R}
IR’ I R’
B(27R)= 0 S |p=£00
(b) Between the wires the current enclosed is the current on the inner wire.
B Mol
B-ds=yd, ., — B(2zR)=uyl, —> |[B=">
4) /’l() encl ( ) :uO 0 27Z'R

(¢) Inside the outer wire the current enclosed is the current from the inner wire and a portion of the
current from the outer wire.

- R R
PB-ds = ]y = y [10 + ij (CZR)27erR} = 1t [10 + ij (CZR)ZﬁRdR}

r o, R — R
= ol _l_gﬂ'cz (R3 _Rj)il = Hy {Io _ER;?};]

B(27r)=mly (R-B) (R-E) 20k (R -R))

(d) Outside the outer wire the net current enclosed is zero.

$B-ds = g1, =0 — B(27R)=0 —

(r-R) (R}—qu ol (R
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33.

34.

35.

36.

(a) The magnetic field at point C can be obtained using the Biot-

Use Eq. 28-7b to write a ratio of the magnetic fields at the surface of the earth and 13,000 km above
the surface. Use the resulting ratio to determine the magnetic field above the surface.

Hy H
- 1 3
B, 2rx; x x [ 6.38x10°km "
DTN N, g g M (1.0x107T)| 22220 N | [36x10°°T]
B My M X Py = )19.38><103km
27 x;

Since the point C is along the line of the two straight segments of the current,
these segments do not contribute to the magnetic field at C. We calculate the
magnetic field by integrating Eq. 28-5 along the two curved segments. Along 1\
each integration the line segment is perpendicular to the radial vector and the

radial distance is constant. \
. ¢ [¢dixi ol 2
B= J.djr+’uLJ.—d jrz—’uozkjds kJ.dS
47z y R ar 2, R, 4zR; 47Z'R A0 C
:,uolgl;_,uolaf(: IO R, — R, k
4rR, 4rR, 4z \ RR,

Since the current in the two straight segments flows radially toward and away from the center of the
loop, they do not contribute to the magnetic field at the center. We calculate the magnetic field by
integrating Eq. 28-5 along the two curved segments. Along each integration segment, the current is
perpendicular to the radial vector and the radial distance is constant. By the right-hand-rule the
magnetic field from the upper portion will point into the page and the magnetic field from the lower
portion will point out of the page.

Mol ds k /10 ds ( o\ _Ho (ﬂR) ", H 1 3ud
= Lot k Kk(I,—1,)="2K(0.35] —0.65I)=|—2—"
Ar I R2 Ar I RZ( ) (h=1.) 4R ( ) 40R

upper lower

We assume that the inner loop is sufficiently small that the magnetic field from the
larger loop can be considered to be constant across the surface of the smaller loop.
The field at the center of the larger loop is illustrated in Example 28-12. Use Eq. 27-
10 to calculate the magnetic moment of the small loop, and Eq. 27-11 to calculate the
torque.

I’.‘ — re ~
=‘L21LR1 fi=/A=I7R}j
2p2
=i B = IR jx ol f o AR f
2R 2R
(47107 Tem/A)7(7.0 A)' (0.018 m)’ . —
- k=|-1.3x10"k meN
2(0.25 m)

This torque would cause the inner loop to rotate into the same plane as the outer loop with the
currents flowing in the same direction.

Savart law (Eq. 28-5, integrated over the current). First break the
loop into four sections: 1) the upper semi-circle, 2) the lower
semi-circle, 3) the right straight segment, and 4) the left straight
segment. The two straight segments do not contribute to the
magnetic field as the point C is in the same direction that the
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(b)

current is flowing. Therefore, along these segments 7 and dl are parallel and dlx7=0. For
the upper segment, each infinitesimal line segment is perpendicular to the constant magnitude
radial vector, so the magnetic field points downward with constant magnitude.

. Ldixi  ud —k I

B pper = IUL—Z = IUL_z(”RI) =k,

dr r 4r R, 4R,

Along the lower segment, each infinitesimal line segment is also perpendicular to the constant
radial vector.

e &[déxr:,uoli(ﬂRz): ul »

e “ N4 P 4n R 4R,
Adding the two contributions yields the total magnetic field.
B-B__+B,_--tlp Alp | wlf 1 11
o 4R~ 4R, 4 R R,

The magnetic moment is the product of the area and the current. The area is the sum of the two
half circles. By the right-hand-rule, curling your fingers in the direction of the current, the

thumb points into the page, so the magnetic moment is in the —k direction.

2 2
ji— _(”Rl +&]Ik = %[(Rf + R )k

2 2

38. Treat the moving point charge as a small current segment. We can write the

product of the charge and velocity as the product of a current and current segment. I P
Inserting these into the Biot-Savart law gives us the magnetic field at point P.
{ - -
qff:qd—zﬂdledf >

39. (@)

(b)

y_oldfxf_ Hy GV XT |ty gV XT

2 3

B= —=
Az r dr r dr r

The disk can be broken down into a series of infinitesimal thick rings.
As the charge in each of these rings rotates it produces a current of

magnitude dI =(w/27)dq , where dq is the surface charge density
multiplied by the area of the ring. We use Eq. 27-10 to calculate the

magnetic dipole moment of each current loop and integrate the dipole
moments to obtain the total magnetic dipole moment.

- = 0 10} Ow 5
di=dIA = (”Rz Zﬂrdrg (72'1”2) = ?fdrl

QCZ)RZ i
4
To find the magnetic field a distance x along the axis of the disk, we again consider the disk as a

series of concentric currents. We use the results of Example 28-12 to determine the magnetic
field from each current loop in the disk, and then integrate to obtain the total magnetic field.

R
~ Qa) 3,4
i=|=rdri=

dB = M~ —dl = M~ - Qa; rdr
2(}’2+xz)2 2(1’2+x2)2 7R
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—-2x

B _ #OQa)iJIi r3 g /qua)l V + 2x | Iqua)’i‘ (R2 + 2x2)
27R’ 0(r2+x2)% 2zR* \/I’ +x° ‘ 27R? \/R2 T2
(¢) When we take the limit x > R our equation reduces to Eq. 28-7b.

2 2 2 4 B =
ﬁzﬁi‘{z){lﬂ 1R 2B )] w2 () B
x

27R 2x? 2x* 8x! 27R? 27 x°

40. (a) Choose the y axis along the wire and the x axis passing from the
center of the wire through the point P. With this definition we
calculate the magnetic field at P by integrating Eq. 28-5 over the
length of the wire. The origin is at the center of the wire.

, d j
B ,uoldfxr Iyoldlxr ,ul_.][ (yllezfryz)j’:)

& ¥

B ,uOIRlA(Ed dy
- Ar B RE
—%d (R +y )

d/2

_:uolRl”( Y Ml d k
Ar 2 o 23\1/2 27R ) 2\1/2
R*(R*+y%) (4R* +d*)

(b) If we take the limit as d — o, this equation reduces to Eq. 28-1.

—d /2

Mol d ~ Mol
d—ol 27T R (4R2 +d? )1/2 27R

41. (a) The magnetic field at point Q can be obtained by integrating Eq. 28-5 over y
the length of the wire. In this case, each infinitesimal current segment df is
parallel to the x axis, as is each radial vector. Since the magnetic field is
proportional to the cross-product of the current segment and the radial
vector, each segment contributes zero field. Thus the magnetic field at point
Qis

() The magnetic field at point P is found by integrating Eq. 28-5 over the
length of the current segment.

,uoldfxr Iyoldﬁxr y_oj.‘lldxix(—xiﬁLyj)_yolyl}o dx

B= -
r3 472_ s (x2 +y2)3/2 4” ’ (x2 +y2)3/2
0
_ Dy X _ | ! d i
- 472_ 2 2 2 1/2 - 471_ 2 2 1/2
y(x+y) B y(y+d)
42. We treat the loop as consisting of 5 segments, The first has length d, - d%-?
is located a distance d to the left of point P, and has current flowing T i ’
toward the right. The second has length d, is located a distance 2d to d T / Il
left of point P, and has current flowing upward. The third has length
d, is located a distance d to the left of point P, and has current l ..‘L 41_;.
flowing downward. The fourth has length 24, is located a distance d - (|
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below point P, and has current flowing toward the left. Note that the fourth segment is twice as long
as the actual fourth current. We therefore add a fifth line segment of length d, located a distance d
below point P with current flowing to the right. This fifth current segment cancels the added portion,
but allows us to use the results of Problem 41 in solving this problem. Note that the first line points
radially toward point P, and therefore by Problem 41(a) does not contribute to the net magnetic field.
We add the contributions from the other four segments, with the contribution in the positive z-
direction if the current in the segment appears to flows counterclockwise around the point P.
B=B, +B, +B, + B,

yNi d ~ ol d ~ ol 2d ~ ol d -
- + k - + k
4r(2d) (ad* +a?) " Ard (@ v a?) " And (@ vaa?)” o Ard (@)

_ ﬂ_ol[\/z_ﬁ};

Ard 2

(a) The angle subtended by one side of a polygon, &, from the
center point P is 2r divided by the number of sides, n. The
length of the side L and the distance from the point to the
center of the side, D, are obtained from trigonometric relations.

L=2Rsin(6/2)=2Rsin(x/n)
D= Rcos(9/2) = Rcos(;r/n)

The magnetic field contribution from each side can be found
using the result of Problem 40.

g Al L B Lol 2Rsin(7/n)
2zD (Lz 4> )7 Zﬂ(Rcos(ﬁ/n)) ((ZRsin(ﬂ/n))z +4(Rcos(7r/n))2 )5
= 'u—oltan(ﬂ/n)
2R
The contributions from each segment add, so the total magnetic field is # times the field from
one side.
ol = Holn tan (7 /n)

(b) Inthe limit of large n, z/n, becomes very small, so tan(z/n)~7z/n.

_MInzw |l

“427zRn 2R
This is the magnetic field at the center of a circle.

44. The equation derived in Eq. 28-12 gives the magnetic field
a distance x from a single loop. We expand this single loop
to the field of an infinite solenoid by multiplying the field
from a single loop by 7 dx, the density of loops times the A
infinitesimal thickness, and integrating over all values of x. —U-WU-U-U-U-Lf R RY. TRYEY,
Use the table in Appendix B-4 to evaluate the integral.

©

B ° ,uOIRzndx3 _ IR n ¢ dx 3: IR’ n x N
S2R+xT) 2 £(R2+x2)2 2 R(R+x)

—0
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45. To find the magnetic field at point (x,y) we break each current segment y
into two segments and sum fields from each of the eight segments to
determine the magnetic field at the center. We use the results of Problem .
41(b) to calculate the magnetic field of each segment.

T

<
==
N

=l x ~ o ul (b—x) ~
B=4O 5 21/2k 40 5 21/2k
7y (y* +x7) 7y (y* +(b-x))
u,l y Y (a-y)
Azb—x) ((h—xV2 +2) " 47(b=X) ((g—= vV +(h-)2 )"
((b—x)"+57) ((@=y)+(b-x))

e
=
=,

o

ol (b-x) fo 0o .
4r(a=y) ((a-y)>+b-x7) " 4r@=3((a-p>+x*)"

T S et ) B . S
1/2 1/2
4rx ((a—y)2 +x2) 4rx (y2 +x2)

We simplify this equation by factoring out common constants and combining terms with similar
roots.

ol 2t -2 Ja-p -0 Ja-p )
dm| (b—x)y (a=»)(b-x) x(a—y)

E:

46. (a) By symmetry we see that on the x axis the magnetic field can only have an x component. To
justify this assertion, imagine that the magnetic field had a component off the axis. If the
current loop were rotated by 90° about the x axis, the loop orientation would be identical to the
original loop, but the off-axis magnetic field component would have changed. This is not
possible, so the field only has an x component. The contribution to this field is the same for
each loop segment, and so the total magnetic field is equal to 4 times the x component of the
magnetic field from one segment. We integrate Eq. 28-5 to find this magnetic field.

sl Wix(GAR) i &
Ay 47 [(ld)2 +x7 + ZT/Z 27 _ld|: 1V + 52 2}3/2
2 2 y | (3d) +x*+y
14
_ tldi y 2 2d a1

1/2

72'(612 +4x2)(af2 +2x2)1/2

2 2 2 2 2, 2
(1) +x [ (3a) + x>+ 7] .
(b) Let x> d to show that the magnetic field reduces to a dipole field of Eq. 28-7b.
22dPp I dPudi
72'(4)(2)(2)(2 )1/2 27

Comparing our magnetic field to Eq. 28-7b we see that it is a dipole field with the magnetic

B~

moment |ji=d>Ii

47. (a) Ifthe iron bar is completely magnetized, all of the dipoles are aligned. The total dipole moment
is equal to the number of atoms times the dipole moment of a single atom.
N pV
Ai[ H

m

u=Np =
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(6.022><1023at0ms/mole)(7.80g/cm3)(9.Ocm)(l.20m)(l.00m) L8x107 Aem?
55.845g/mole o

—16.35 Aem® ~

(b) We use Eq. 27-9 to find the torque.

7= uBsin®=(16.35 A»m’)(0.80 T)sin90° =[13 m-N]

atom

48. The magnetic permeability is found
from the two fields. 70 \
B,=punl ; B=punl | /-\60 \
B u B < 50 \
—= D U= — 40
Byt By T 30
For the graph, we have not plotted g 20 — .
the last three data points so that the 2 =
structure for low fields is seen. The 10 e
spreadsheet used for this problem can 0
be found on the Media Manager, with 0 2 4 6 , 8 10 12 14
filename “PSE4_ISM_CH28.XLS,” Bo(10°T)

on tab “Problem 28.48.”

The magnetic field of a long, thin torus is the same as the field given by a long solenoid, as in Eq.
28-9.
B = unl =(2200)(47 x107 Tm/A)(285 m")(3.0 A) =

50. The field inside the solenoid is given by Eq. 28-4 with g replaced by the permeability of the iron.
_muNL o BU_ (2.2T)(0.38m)

¢ NI (640)(48A)

=[2.7x107° Tem/A|~ 224,

B

51. Since the wires all carry the same current and are
equidistant from each other, the magnitude of the force per
unit length between any two wires is the same and is given

by Eq. 28-2.
F ol (47x107 Tem/A)(8.00 A)
0 27d 272(0.035 m)

=3.657x10*N/m
The direction of the force between two wires is along the
radial line and attractive for currents traveling in the same
direction and repulsive for currents traveling in opposite

3.5¢em 35¢cm

directions. The forces acting on wire M are radially away P
from the other two wires. By symmetry, the horizontal _
: 60
components of these forces cancel and the net force is the |
sum of the vertical components. B
E, F,

F,, =F,,;c0s30°+ F,, cos30°

=2(3.657x107 N/m)cos30° = 6.3 %10 N/m at 90°|
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The force on wire N is found by adding the components of the forces from the other two wires. By
symmetry we see that this force is directed at an angle of 300°. The force on wire P, will have the
same magnitude but be directed at 240°.

Fy . = Fyp — Fy, c0s60°=3.657 x10’4N/m—(3.657 x107* N/m)cos 60°=1.829x10™*N/m

Fy , ==F), sin60°=—(3.657x10N/m)sin 60° = —3.167x 10 N/m

F, =\/(1.829><10’4N/m)2 +(-3.167x107N/m)" =[3.7x 10" N/m at 300°]

F, =|3.7x10"* N/m at 240°|

52. The magnetic field at the midpoint between currents M and N is the
vector sum of the magnetic fields from each wire, given by Eq. 28-1.
Each field points perpendicularly to the line connecting the wire to the
midpoint.

B_=B,+B_ +B,
H

I (47x107 T-m/A) 8.00A
B, =B, = —=( / ) B00A g 143x10°T
2w 1, 2z 0.0175m

47 %107 Tem/A
szﬂiz( i m/A)__ 8004 =5279x10°T
2, 2 V3(0.0175m)

B, =\B. . +B, = \/(1.849 x10°T) +(—4.571x10°T) =

B —4210x10°T 7
0 — tan—] nety - tan_l —re VXAV _140
- nety 1.702 x 104T

The net field points slightly below the horizontal direction.

53. For the wire to be suspended the net magnetic force must equal the Y
gravitational force. Since the same current flows through the two lower
wires, the net magnetic force is the sum of the vertical components of F F
the force from each wire, given by Eq. 28-2. We solve for the unknown i
current by setting this force equal to the weight of the wire. /1 \
F, :2mﬁcos30°:pg(%7rdzﬁ) / 4 \L
2xr y mgl
2 2 12 I
pgrrd g
4u,1,,c0830

(8900kg/m*)(9.80m/s*) z* (0.035m)(1.00x 10> m)’

=[170A
4(47x107 Tem/A)(40.0A)cos30°

54. The centripetal force is caused by the magnetic field, and is given by Eq. 27-5b. From this force we

can calculate the radius of curvature.
2

F =qvBsin0=qv B =mx
r

(9.11x107"kg)(1.3x10" m/s)sin7°

p= Iy =2.734x10"*m ~[0.27 mm|

gB (1.60x107°C)(3.3x107°T)
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The component of the velocity that is parallel to the magnetic field is unchanged, and so the pitch is
that velocity component times the period of the circular motion.

(a)

(b)

(©)

(d)

56. (a)

0 MV
T 2rr gB _ 27mm
v, v, qB
2m 27(9.11x10”"kg)
=v T =vcos7°| —— |=(1.3x10" m/s)cos7° =[1.4 cm]
P=h (qB) ( /s) (1.60x10°C)(3.3x1077)

Use Eq. 28-1 to calculate the field due to a long straight wire.

47 x107 Tem/A)(2.0 A
B, = ol =( s il )( )=2.667x10*Tz2.7x10*6T
277, s 27(0.15m)
47x107 Tem/A)(4.0A
B\ = Aoy =( il il )( )=5.333x10*"’Tz5.3x10*"’T
27ry 27(0.15m)

The two fields are not equal and opposite. Each individual field is due to a single wire, and has
no dependence on the other wire. The magnitude of current in the second wire has nothing to
do with the value of the field caused by the first wire.

Use Eq. 28-2 to calculate the force due to one wire on another. The forces are attractive since
the currents are in the same direction.

F F sty L1, (47107 Tem/A) (2.0A)(4.0A)

onAductoB __ ~ onBduetoA __
27 d, ., 27 (0.15m)

! )

A B

=1.067x10° N/m ~(1.1x10”° N/m

These two forces per unit length are equal and opposite because they are a Newton’s third law
pair of forces.

The magnetic field from the long straight wire will be out of the page 1
in the region of the wire loop with its magnitude given by Eq. 28-1. 0
By symmetry, the forces from the two horizontal segments are 50cm
equal and opposite, therefore they do not contribute to the net force. i
We use Eq. 28-2 to find the force on the two vertical segments of ©) 100 A
the loop and sum the results to determine the net force. Note
that the segment with the current parallel to the straight wire K, <4 i P i,
will be attracted to the wire, while the segment with the 20N |26 "
current flowing in the opposite direction will be repelled from the wire. ®

Fnel:Fz+F4:—'UOIIIZf+’u01112f:ﬂ°1112f 1 1 T0em

2rd, 2rd, 2r \d, d, o RS
(47x107 Tem/A)(2.0 A)(10.0 A)(0.26 m)( 1 1 )
B 2 005m 0.12m/) F

= |1.2 x10~ N toward the Wire|

(b) Since the forces on each segment lie in the same plane, the net torque on the loop is .
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57.

58.

59.

60.

The sheet may be treated as an infinite number of parallel wires.

| |
The magnetic field at a location y above the wire will be the sum of | B < D |
the magnetic fields produced by each of the wires. If we consider R [
the magnetic field from two wires placed symmetrically on either y_L | |
side of where we are measuring the magnetic field, we see that the TToa o
vertical magnetic field components cancel each other out. Z-Z-Ii-Z-ZJ.-Z-Z-Z-Z-Z-Z-Z-Z-Z!Z-j-j-jt
Therefore, the field above the wire must be horizontal and to the y_r | |
left. By symmetry, the field a location y below the wire must have N 4
the same magnitude, but point in the opposite direction. We — > B

calculate the magnetic field using Ampere’s law with a rectangular
loop that extends a distance y above and below the current sheet, as shown in the figure.

¢Bdl= [ Bedl+ [Bedl+ [ Bedl=0+2BD=pyl,, = u(jD)

sides top bottom

— B, = |§ M, Jt, to the left above the sheet

(a) We set the magnetic force, using Eq. 28-2, equal to the weight of the wire and solve for the
necessary current. The current must flow in the same direction as the upper current, for the
magnetic force to be upward.

2
FMzﬁfng zd >
2xr 4

pgrird®  (8900kg/m®)(9.80m/s?) 7% (0.050m)(1.00x10 " m)’

=360 A, right
4u,l, 2(47 107 Tem/A)(48.0A)

(b) The lower wire is in junstable equilibrium], since if it is raised slightly from equilibrium, the
magnetic force would be increased, causing the wire to move further from equilibrium.

(c) If the wire is suspended above the first wire at the same distance, the same current is needed,
but in the opposite direction, as the wire must be repelled from the lower wire to remain in
equilibrium. Therefore the current must be 360 A to the leff. This is a [stable equilibrium| for
vertical displacement since if the wire is moved slightly off the equilibrium point the magnetic
force will increase or decrease to push the wire back to the equilibrium height.

2

The magnetic field at the center of the square loop is four times the magnetic field from one of the
sides. It will be directed out of the page. We can use the result of Problem 40 for the magnitude of
the field from one side, with R =1d. If the current is flowing counterclockwise around the square

loop, the magnetic field due to each piece will point upwards.
. wl — dk ! dk I
one = 2, 2\2 1 5 2 = k
wie 27TR (4R +d ) 27[(501) (4(%01) +d2) \/Eﬂ'd

B, = |22l

total — one
wire d

B

The magnetic field at the center of a circular loop was calculated in Example 28-12. To determine
the radius of the loop, we set the circumferences of the loops equal.

2ﬂR=4d_>R=g ;Bcirclc:ﬂ_oIZﬂO—Iﬂ-<M: square
7 2R 4d nd !

Therefore, changing the shape to a circular loop will the magnetic field.

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

241



Physics for Scientists & Engineers with Modern Physics, 4" Edition Instructor Solutions Manual

(a) Choose x = 0 at the center of one coil. The center of the other coil will then be at x = R. Since
the currents flow in the same direction in both coils, the right-hand-rule shows that the magnetic
fields from the two coils will point in the same direction along the axis. The magnetic field
from a current loop was found in Example 28-12. Adding the two magnetic fields together
yields the total field.

4, NIR’ 1, NIR®
P L 3/2 + ,13/2
Z[R +Xx ] 2[R2+(x—R) }

B(x)=

(b) Evaluate the derivative of the magnetic field at x =1 R.
dB _ 3u,NIR’x 3u,NIR*(x—R) 34, NIR’® —3u,NIR® 0]

o[ o[ & +(x_R)2]5’2 A[R+r/4T" 4R+ R /4]
Evaluate the second derivative of the magnetic field at x =1 R.
d’B 3yu,NIR’ 154, NIR*x* 34, NIR? 154,NIR*(x = R)’

= — + _
& o[R+x]" 2[R+ 2[R2+(x—R)2T/2 2[132+(x—13)2}7/2
34, NIR? N 154, NIR* 34, NIR? . 154, NIR*

= — T~

o[k /4] s[sr2/a]” 2[sRP/aT" 8[sR*/4]"

IR’ 15-4 3 15-4
_ Lm(_i 54 3 15 ): 0]
[5 R? /4] 2 85 2 85
Therefore, at the midpoint a8 =0 and d—B =0.
dx dx’
(¢) We insert the given data into the magnetic field equation to calculate the field at the midpoint.
2 2 2
B ( 1R)= H,NIR N U, NIR B H,NIR

2[R2 +(%R)2T/2 2[R2 +(%R)2T/2 - [Rz +(%R)2]3/2

_ (47 x107 Tem/A)(250)(2.0A)(0.10m)’ Ry
[(0.10m)’ + (0.05111)2}3/2

62. The total field is the vector sum of the fields from the two currents. We
can therefore write the path integral as the sum of two such integrals.
$Bedl =B, +dl+B,dl
To evaluate the integral for current 1, we use Eq. 28-1, with the
magnetic field constant and parallel to the loop at each line segment.

/Uol
Cf)B edl = Py J.rde ol
To evaluate the 1ntegra1 for current 2, we consider a different angle d6
centered at /, and crossing the path of the loop at two locations, as
shown in the diagram. If we integrate clockwise around the path, the
components of d¥ parallel to the field will be —,d@ and r,d6.
Multiplying these components by the magnetic field at both locations
gives the contribution to the integral from the sum of these segments.
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Bdl, + B,dl, = ’;0[ 2 (~1d0) +§°l(r2d9) =0
T

" 7
The total integral will be the sum of these pairs resulting in a zero net integral.

$Bdl =B, dl+§B,dl =yl +0=u]]
63. From Example 28-12, the magnetic field on the axis of a circular loop of wire of radius R carrying

IR’
%—3/2 , where x is the distance along the axis from the center of the loop.
2 (R2 +x° )
For the loop described in this problem, we have R=x=R__,,.
3/2 3/2
wik 2B(RP+x°) " 2B(R,,+R.,,) 2(2)°BR
2 (R2 + xz )3/2 /uoR2 luoRéanh Hy

2(2)" (1x107T)(6.38x10°m)
= =|3X

47 %107 T-m/A

current [ is B =

Earth

B=

64. The magnetic field from the wire at the location of the plane is perpendicular to the velocity of the
plane since the plane is flying parallel to the wire. We calculate the force on the plane, and thus the
acceleration, using Eq. 27-5b, with the magnetic field of the wire given by Eq. 28-1.

F=qvB= qvﬂ
2xr
Fqvud (18x107 C)(2.8 m/s)(47x107 Tem/A)(25 A)
S moanr 27(0.175 kg )(0.086 m)

=1.67x107° m/s’ =[1.7x10°g"s

65. (a) To find the length of wire that will give the coil sufficient resistance to run at maximum power,
we write the power equation (Eq. 25-7b) with the resistance given by Eq. 25-3. We divide the
length by the circumference of one coil to determine the number of turns.

b ZV_Z _ 2 e V24>
"R pt)(d) PP,
¢ va (35 V)’ (2.0x10° m)’

=46 turns

(b) We use the result of Example 28-12 to determine the magnetic field at the center of the coil,
with the current obtained from Eq. 25-7b.

NI N P, (4mx107 Tem/A)(46)(1.0x10° W)

“xD zDpP,, (20 m)(1.68x10° Qm)(1.0x10° W)

max

= =10.83 mT
D DV (20m)(35 V) =

(¢) Increasing the number of turns will proportionately increase the resistance and therefore
decrease the current. The net result is |no change in the magnetic ﬁeldj.
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66.

o)
~

68.

69.

The magnetic field at the center of the square is the vector sum of the ]
magnetic field i i 4 d

gnetic field created by each current. Since the magnitudes of the R
currents are equal and the distance from each corner to the center is the .\~
3

L

same, the magnitude of the magnetic field from each wire is the same .
and is given by Eq. 28-1. The direction of the magnetic field is Bz o
directed by the right-hand-rule and is shown in the diagram. By

. : B
symmetry, we see that the vertical components of the magnetic field {/
cancel and the horizontal components add. B

— - — N 1 Ok
1+B2+B3+B4:_4(/1(>1jcos45°i I d T
3

nr

=B

<]

I Y R RPN Y

\/5 2 wd

The wire can be broken down into five segments: the two
long wires, the left vertical segment, the right vertical
segment, and the top horizontal segment. Since the current I 1

in the two long wires either flow radially toward or away

from the point P, they will not contribute to the magnetic

field. The magnetic field from the top horizontal segment

points into the page and is obtained from the solution I 141
)

to Problem 40. L

_ /101 a /uol o P

top 2ra (az 442 )% - Zﬂa\/g

The magnetic fields from the two vertical segments both point into the page with magnitudes
obtained from the solution to Problem 41.

ol a v

Bvert = T
47r(a/2) (a2+(a/2)2)2 ﬁa\/g

Summing the magnetic fields from all the segments yields the net field.

:uol\/g

1 1
B=B, +2B,, = ol _ o B , into the page.

" 2xans a5 2ra

Use Eq. 28-4 for the field inside a solenoid.

47 %107 Tem/A)(2.0A)(420
B:MJN:(”X m/A)(2.0A)( ):

) 0.12m

The field due to the solenoid is given by Eq. 28-4. Since the field due to the solenoid is
perpendicular to the current in the wire, Eq. 27-2 can be used to find the force on the wire segment.

47x107 Tom/A)(33A)(550)

F=I 4 B,  =I1 M=(22A)(O.O3Om)(
(0.15m)

wire  wire” solenoid wire  wire

solenoid

=10.10N to the south
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70. Since the mass of copper is fixed and the density is fixed, the volume is fixed, and we designate it as
Vi, =M Pe, =LA, - We call the fixed voltage V. The magnetic field in the solenoid is given by

Cu

Eq. 28-4.

_ HIN N o uV, N ouVy N A, wuVy N m,p,
S T S e e RS TR
sol RCu sol p RCu &f p RCu “sol ~Cu p RCu “sol Cu
Acu sol
— IUOV;)mCupCu N

pRCu Bsolli‘u
The number of turns of wire is the length of wire divided by the circumference of the solenoid.

BCu
N= eCu N B — /'IOVOmCupCu N — /'IOVOmCupCu 2727;01 — HOV:)mCuIDCu 1
27[’20] pRCu fsolféu pRCu esolféu 2'ﬂ.pRCu esoll/;()lfCu

The first factor in the expression for B is made of constants, so we have B oc . Thus we

sol I/;o] Cu

want the wire to be . Also the radius of the solenoid should be small and the length of
the solenoid small.

71. The magnetic field inside the smaller solenoid will equal the sum of the fields from both solenoids.
The field outside the inner solenoid will equal the field produced by the outer solenoid only. We set

the sum of the two fields given by Eq. 28-4 equal to —1 times the field of the outer solenoid and
solve for the ratio of the turn density.

2
to (=I)n, + poIn, = =5 (uyIm,) — Z_bzg

a

72. Take the origin of coordinates to be at the center of the semicircle. The magnetic field at the center of
the semicircle is the vector sum of the magnetic fields from each of the two long wires and from the
semicircle. By the right-hand-rule each of these fields point into the page, so we can sum the
magnitudes of the fields. The magnetic field for each of the long segments is obtained by
integrating Eq. 28-5 over the straight segment.

. [dixR ¢t pd dixR g1 §dvix(—xd-rj) Irpf__d
Bs[raingJ‘ZL7Z Rj :IIZ; Ri :%J; (x2+r2)3/2 :_/i)ﬂrk'[o(xz‘*;)m

_ Mol k
Ay

0

— /uolr I, X
- Ar k 2/ 2 a2

r (X +r ) ~
The magnetic field for the curved segment is obtained by integrating Eq. 28-5 over the semicircle.

R Izzr E A )i R4 I -
B /Ljd XA as =Lk
0

anve =y . 4rxr 4y
B-2B, +B, -2l Alj_ —’“‘—01(2 +7)k
¢ 4y 4r 4y
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(a) Setx =0 at the midpoint on the axis between the two loops. Since the loops are a distance R
apart, the center of one loop will be at x =1 R and the center of the other at x=1R. The

currents in the loops flow in opposite directions, so by the right-hand-rule the magnetic fields
from the two wires will subtract from each other. The magnitude of each field can be obtained
from Example 28-12.
4, NIR’ 4, NIR’
B(x)= ,32 132
2 R +(1R=x)"] " 2[R +(1R+x)]
Factoring out LR’ from each of the denominators yields the desired equation.

44, NI 444, NI
B(x) = SP2 , /2
R[4+(1-2x/R)' [~ R[4+(1+2x/R)']

4u,NI 2x Y 2]
S o e R P - 4+(1+—x)
R R R
4x

2
(b) For small values of x, we can use the approximation (1 * %) ~l:t—.

R
-3/2 -3/2
By = MMy 2 8x y
R R R
_4/10N] |:1_ﬂ:|3/2_|:1+ﬂ:|3/2
SRS 5R 5R

Again we can use the expansion for small deviations (1 + S_Rj ~l¥—

B(x)= 4, NI (ng_(l_@j _ |48, NIx
5R5 |\ SR 5R)| |25R*5
This magnetic field has the expected linear dependence on x with a coefficient of
C =484, NI /(25R5).
(¢) Set Cequal to 0.15 T/m and solve for the current.

2 2
| _25CR*5 _25(0.15 T/m)(0.04 m)' V5 _[5A]

48u,N  48(47x107 T-m/A)(150)

-3/2

74. We calculate the peak current using Eqs. 25-7 and 25-9. Then we use the peak current in Eq. 28-1 to
calculate the maximum magnetic field.

P P
I =Bl =T D s ot 20 Py
s 2xr 2rr V.
V2 (47 %107 Tom/A) (45x10° W)
= =71 uT
27(12 m) (15x10° V)
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75. We use the results of Example
28-12 to calculate the magnetic field as
a function of position. The spreadsheet 2.0 AN
used for this problem can be found on s / \
/ N\
1.0

the Media Manager, with filename
“PSE4 ISM_CH28.XLS,” on tab .
Problem 28.75. 0s ,/ \‘
/ \

| T T——

2.5

B (10°T)

0.0
-40 -30 -20 -10 0 10 20 30 40
x (cm)

NulR (250)(47z><10_7T-m/A)(2.OA)(0.15m)2 _ 7.0686x10°Tem’
= = ) 372 - 2 32
2 (0.15m) + | [(0.15m)" +x* |

2R+ )"

76. (a) Use the results of Problem 61(a) to write the magnetic field.
1, NIR’ 4, NIR’

2[R +x]" 2[122 +(x—R)2}

(b) See the graph. The spreadsheet
used for this problem can be

found on the Media Manager, 4.50 1 /-———
with filename y —\

£ 445
“PSE4_ISM_CH28.XLS”ontab |7,
“Problem 28.76b.” S

Q 4.35

B(x)=

3/2

4.55

4.30

4.25 \ \

0 2 4 6 8 10
x (cm)

(¢) Use the values from the spreadsheet to find the % difference.
x=6.0cm)-B(x=5.0cm) 4.49537mT —4.49588mT
B(x=5.0cm) 4.49588mT

=[11x107%]

it = 2 (100) = (100)
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