Chapter 27
Sources of the Magnetic Field

Conceptual Problems

1 . Sketch the field lines for the electric dipole and the magnetic dipole
shown in Figure 27-47. How do the field lines differ in appearance close to the
center of each dipole?

Picture the Problem Note that, while the two far fields (the fields far from the
dipoles) are the same, the two near fields (the fields near to the dipoles) are not.
At the center of the electric dipole, the electric field is antiparallel to the direction
of the far field above and below the dipole, and at the center of the magnetic
dipole, the magnetic field is parallel to the direction of the far field above and
below the dipole. It is especially important to note that while the electric field
lines begin and terminate on electric charges, the magnetic field lines are
continuous, i.e., they form closed loops.

«>) @@

2 . Two wires lie in the plane of the page and carry equal currents in
opposite directions, as shown in Figure 27- 48. At a point midway between the
wires, the magnetic field is (a) zero, (b) into the page, (C) out of the page,

(d) toward the top or bottom of the page, (€) toward one of the two wires.

Determine the Concept Applying the right-hand rule to the wire to the left we
see that the magnetic field due to its current is out of the page at the midpoint.
Applying the right-hand rule to the wire to the right we see that the magnetic field
due to its current is also out of the page at the midpoint. Hence, the sum of the
magnetic fields is out of the page as well. lis correct.

3 e Parallel wires 1 and 2 carry currents |; and I,, respectively, where

I, = 21,. The two currents are in the same direction. The magnitudes of the
magnetic force by current 1 on wire 2 and by current 2 on wire 1 are Fj; and F,y,
respectively. These magnitudes are related by (a) Fy; = Fay, (b) Foy = 2Fs,

(C) 2F21 = F]z, (d) Fz] = 4F12, (e) 4F21 = F]z.

Determine the Concept While we could express the force wire 1 exerts on wire 2
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and compare it to the force wire 2 exerts on wire 1 to show that they are the same,

it is simpler to recognize that these are action and reaction forces. | (a) | is

correct.

4 . Make a field-line sketch of the magnetic field due to the currents in the
pair of identical coaxial coils shown in Figure 27-49. Consider two cases: (a) the
currents in the coils have the same magnitude and have the same direction and
(b) the currents in the coils have the same magnitude and have the opposite
directions.

Picture the Problem (a) The field-line sketch follows. An assumed direction for
the current in the coils is shown in the diagram. Note that the field is stronger in
the region between the coaxial coils and that the field lines have neither beginning
nor ending points as do electric-field lines. Because there are an uncountable
infinity of lines, only a representative few have been shown.

~

(b) The field-line sketch is shown below. An assumed direction for the current in
the coils is shown in the diagram. Note that the field lines never begin or end and
that they do not touch or cross each other. Because there are an uncountable
infinity of lines, only a representative few have been shown.

5 . [SSM] Discuss the differences and similarities between Gauss’s
law for magnetism and Gauss’s law for electricity.
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Determine the Concept Both tell you about the respective fluxes through closed
surfaces. In the electrical case, the flux is proportional to the net charge enclosed.
In the magnetic case, the flux is always zero because there is no such thing as
magnetic charge (a magnetic monopole). The source of the magnetic field is NOT
the equivalent of electric charge; that is, it is NOT a thing called magnetic charge,
but rather it is moving electric charges.

6 Explain how you would modify Gauss’s law if scientists discovered
that single, isolated magnetic poles actually existed.

Determine the Concept Gauss’ law for magnetism now reads: "The flux of the
magnetic field through any closed surface is equal to zero.” Just like each electric
pole has an electric pole strength (an amount of electric charge), each magnetic
pole would have a magnetic pole strength (an amount of magnetic charge).
Gauss’ law for magnetism would read: "The flux of the magnetic field through
any closed surface is proportional to the total amount of magnetic charge inside.”

7 . [SSM] You are facing directly into one end of a long solenoid and
the magnetic field inside of the solenoid points away from you. From your
perspective, is the direction of the current in the solenoid coils clockwise or
counterclockwise? Explain your answer.

Determine the Concept Application of the right-hand rule leads one to conclude
that the current is clockwise.

8 . Opposite ends of a helical metal spring are connected to the terminals
of a battery. Do the spacings between the coils of the spring tend increase,
decrease, or remain the same when the battery is connected? Explain your answer.

Determine the Concept The coils attract each other and tend to move closer
together when there is current in the spring. The current elements in the same
direction will attract each other, and a current element of one segment of a coil are
close to the current elements in adjacent coils that are in the same direction as it
is.

9 . The current density is constant and uniform in a long straight wire that
has a circular cross section. True or false:

(@) The magnitude of the magnetic field produced by this wire is greatest at the
surface of the wire.

(b) The magnetic field strength in the region surrounding the wire varies
inversely with the square of the distance from the wire’s central axis.

(c) The magnetic field is zero at all points on the wire’s central axis.

(d) The magnitude of the magnetic field inside the wire increases linearly with
the distance from the wire’s central axis.
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(a) True. The magnetic field due to an infinitely long, straight wire is given by

B= f—o%, where R is the perpendicular distance to the field point. Because the
V4

magnetic field decreases linearly as the distance from the wire’s central axis, the

maximum field produced by this current is at the surface of the wire.

(b) False. Because the magnetic field due to an infinitely long, straight wire is

given by B= f—o% , where R is the perpendicular distance to the field point, the
V4

magnetic field outside the wire decreases linearly as the distance from the wire’s

central axis.

(C) True. Because Ic = 0 at the center of the wire, Ampere’s law (§l§ di = Hole)
C

tells us that the magnetic field is zero at the center of the wire.

(d) True. Application of Ampere’s law shows that, inside the wire, B = S—O%r ,
Vs

where R is the radius of the wire and r is the distance from the center of the wire.

10 - If the magnetic susceptibility of a material is positive,

(a) paramagnetic effects or ferromagnetic effects must be greater than diamagnetic
effects, (b) diamagnetic effects must be greater than paramagnetic effects,

(c) diamagnetic effects must be greater than ferromagnetic effects,

(d) ferromagnetic effects must be greater than paramagnetic effects,

(e) paramagnetic effects must be greater than ferromagnetic effects.

Determine the Concept The magnetic susceptibility y., is defined by the

app

equation M = - , where M is the magnetization vector and Eapp is the

Hy
applied magnetic field. For paramagnetic materials, ym, is a small positive number
that depends on temperature, whereas for diamagnetic materials, it is a small

negative constant independent of temperature. | (a) | is correct.

11 - [SSM] Of the four gases listed in Table 27-1, which are diamagnetic
and which are paramagnetic?

Determine the Concept H,, CO,, and N, are diamagnetic (ym < 0); O, is
paramagnetic (ym > 0).

12 - When a current is passed through the wire in Figure 27- 50, will the
wire tend to bunch up or will it tend to form a circle? Explain your answer.
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Determine the Concept It will tend to form a circle. Oppositely directed current
elements will repel each other, and so opposite sides of the loop will repel.

The Magnetic Field of Moving Point Charges

13 - [SSM] Attimet =0, a particle has a charge of 12 uC, is located in
the z= 0 plane at X = 0, y = 2.0 m, and has a velocity equal to30 m/s i . Find the
magnetic field in the z = 0 plane at (a) the origin, (b)) X =0,y =1.0m, (C)x =0,y
=3.0m,and (d)x=0,y =4.0 m.

Picture the Problem We can substitute for v and ( in the equation describing the
qv

X F -
-— ), evaluate r and r
[

magnetic field of the moving charged particle ( B = f—"
T

for each of the given points of interest, and then find B .

The magnetic field of the moving gt qu xF
charged particle is given by: 4z r’
Substitute numerical values and — > ) (30 m/ s)zA XF
simplify to obtain: B= (10 N/A )(12,uC ) r2
ixi

= (36.0pT-m?) .
(@) Find r and # for the particle at F= —(2.0m)}' ,r=2.0m,and F=—j
(0, 2.0 m) and the point of interest at
the origin:
Evaluating B(0,0) yields: E(0,0) _ (36.0pT ' mz) ix —12

(2.0 m)
=| —(9.0pT)k

(b) Find r and 7 for the particle at F= —(I.Om)j ,r=1.0m,and F = _j
(0, 2.0 m) and the point of interest at
(0, 1.0 m):

A
.

ix|-j
(1.0m)’

Evaluate B(0,1.0m) to obtain: B(0,1.0m)= (36.0 pT- mz)

~(36pT )k
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(c) Find r and 7 for the particle at V= (I.Om)}, r=1.0m,and 7= j
(0, 2.0 m) and the point of interest at
(0, 3.0 m):

A

Evaluating E(O,3.0m) yields: E(O,3.0m) _ (36.0pT-m2) i xj

(1.0 m)2
=| 36pT)k
(d) Find r and # for the particle at F= (2.0m)}' ,r=2.0m,and 7 = j
(0, 2.0 m) and the point of interest at
(0,4.0 m):

Evaluate B(0,4.0m) to obtain: B(0,4.0m)= (36.0pT-m2)(2l(;£)2

(9.0pT )k

14 - At time t = 0, a particle has a charge of 12 uC, is located in the z =0
plane at X = 0, y = 2.0 m, and has a velocity equal to30 m/s i . Find the magnetic
field inthez=0 planc at () x = 1.0 m,y = 3.0 m, (b) x =2.0 m, y = 2.0 m, and
©)x=20m,y=3.0m.

Picture the Problem We can substitute for v and q in the equation describing the
qv x F
r2

magnetic field of the moving charged particle (B = f—o ), evaluate r and r
T

for each of the given points of interest, and substitute to find B .

The magnetic field of the moving Bt qv x 7

charged particle is given by: 4z r?

Substitute numerical values and ~ 5 ) (30m/ s); X F

simplify to obtain: B= (10 N/A )(12 HC ) r2
=(36.0pT-m? .2,

r2
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(a) Find r and 7 for the particle at F=01.0m)i +(1.0m)j, r= V2m, and
(0, 2.0 m) and the point of 12 1 .

interest at (1.0 m, 3.0 m): r :ﬁl +ﬁj

Substitute for # and rin B = (36.OpT-m2)l “! and evaluate B(1.0m,3.0m):

2
r

(12 1 4
IX| —=1+—F— ~
N (4/2 2 Jj _(36.0pT-m*) &

B(1.0m3.0m)=(36.0pT -m?)

Vamf V2 (2mf
=| (13pT)k
(b) Find r and  for the particle at V= (2,0m)f ,r=20m,and F=i
(0, 2.0 m) and the point of interest at

(2.0 m, 2.0 m):

IxXr
2
r

Substitute for # and rin B = (36.0pT-m2) and evaluate B(2.0m,2.0m):

A A

B(2.0m2.0m)=(36.0pT-m’ )(2’04)2 =[ 0]
Um

(c) Find r and r for the particle at F= (2.0m)f + (I.Om)j, r=+/5m,and
(0, 2.0 m) and the point of L2, 1 A
interest at (2.0 m, 3.0 m): r= f’ +ﬁ]

ix
2
r

A

" and evaluate B(2.0m,3.0m):

Substitute for 7 and rin B = (36.0pT-m2)

(2~ 1 A

ix(i+j)

B(2.0m3.0m)=(36.0pT-m?) V5 ;/g =| 3.2pT)k
(5 m)

15 - A proton has a velocity of 1.0x10” m/s i+2.0%x10° m/sj and is
located in the z = 0 plane at X = 3.0 m, y = 4.0 m at some time t. Find the
magnetic field in the z=0 plane at () X =2.0 m,y = 2.0 m, (b) x = 6.0 m,
y=40m,and (C)x=3.0m,y = 6.0 m.
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Picture the Problem We can substitute for v and  in the equation describing the

magnetic field of the moving proton ( B = Zz_oqv_:r ), evaluate r and 7 for each
T r

of the given points of interest, and substitute to find B.

The magnetic field of the moving p=to qv x r

proton is given by: 4r r’
Substituting numerical values yields:

B=(107 N/A2)(1.602x10"9c)|(1'0><102 mis)i +(2.0x10° mis)j 7

r2
=(1.60x10* T-m’ )(1'0’ +r22.01)><r
(a) Find r and 7 for the proton at F= —(l.Om): —(2.0m)}' ,r=+5m,
(3.0 m, 4.0 m) and the point of 1 » 2 4
interest at (2.0 m, 2.0 m): and 7 = _ﬁl ﬁ]

107 +2.0])x7
/

Substitute for 7 and rin B = (1.60><10’24 T-m _
r

and

evaluate B(2.0m,2.0m):

B(2.0m,2.0m)=(1.60x10* T-m V5

101+20] [ L 21)
5
r2

(1.60><10‘24T-m) — 2.0k +2.0k
V5 ( Sm)2 @

(b) Find r and 7 for the proton at V= (3,0m)f . r=3.0m,and F=i
(3.0 m, 4.0 m) and the point of
interest at (6.0 m, 4.0 m):

V(107 +2.0j)x7
J

2

Substitute for # and rin B = (1.60><10_24 T-m?
r

and

evaluate B(6.0m,4.0m):
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E(6.0m,4.0m)= (1.60 %107 T - m?> )(1.0 i+ Z.Oj)xi

(3.0m)’
—(160x102T-m? | 220K | T ex10 1)k
9.0m
(c) Find r and F for the proton at F=(20m)j, r=2.0m,and 7 = j

(3.0 m, 4.0 m) and the point of
interest at the (3.0 m, 6.0 m):

(107 +2.0}
r2

Substitute for # and rin B = (1.60><10’24 T-m? ) ) xr and evaluate

B(3.0m,6.0m):

B@ﬂmﬁﬂnﬂ:ﬁﬁOxmZ“DHﬁﬁ“”+2D?Xf
(2.0m)

A

=06md0”Tqﬁ)( k j: (4.0x10>T)k

4.0m?

16 e Inapre—quantum-mechanical model of the hydrogen atom, an electron
orbits a proton at a radius of 5.29 x 10" m. According to this model, what is the
magnitude of the magnetic field at the proton due to the orbital motion of the
electron? Neglect any motion of the proton.

Picture the Problem The centripetal force acting on the orbiting electron is the
Coulomb force between the electron and the proton. We can apply Newton’s ond
law to the electron to find its orbital speed and then use the expression for the
magnetic field of a moving charge to find B.

Express the magnetic field due to the Bt ev

motion of the electron: 47 r?
Apply z F .4 = Ma, to the electron: ke v2 ke?
r? r mr

Substitute for v in the expression for u, e [ke>  pe* [k
B and simplify to obtain: B= eV mr 42 \mr
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Substitute numerical values and evaluate B:

5 [47x107 N/A%)(1.602x10" Cf 8.988x10° N-m”/C’
B 47(529x10" m (9.109x10 " kg)(5.29x 10" m)

=|12.5T

17 e Two equal point charges q are, at some instant, located at (0, 0, 0) and
at (0, b, 0). They are both moving with speed Vv in the +x direction (assume

vV << ¢). Find the ratio of the magnitude of the magnetic force to the magnitude of
the electric force on each charge.

Picture the Problem We can find the ratio of the magnitudes of the magnetic and
electrostatic forces by using the expression for the magnetic field of a moving
charge and Coulomb’s law. Note that v and 7, where ris the vector from one
charge to the other, are at right angles. The field B due to the charge at the origin
at the location (0, b, 0) is perpendicular to v and r .

Express the magnitude of the Uy Q°V°
_ : Fe =qVB="————
magnetic force on the moving 4z b?
charge at (0, b, 0): and, applying the right hand rule, we

find that the direction of the force is
toward the charge at the origin; i.e., the
magnetic force between the two
moving charges is attractive.

Express the magnitude of the E 1 q
repulsive electrostatic interaction B ar €, b’
between the two charges:
Express the ratio of Fg to Fg and Hy q2V2
simplify to obtain: F 4 2
. 1 g
dre, b’

The Magnetic Field Using the Biot—Savart Law

18 - A small current element at the origin has a length of 2.0 mm and
carries a current of 2.0 A in the +z direction. Find the magnetic field due to the
current element: () on the X axis at X = 3.0 m, (b) on the x axis at X = —6.0 m,
(¢) on the z axis at z = 3.0 m, and (d) on the y axis aty = 3.0 m.
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Picture the Problem We can substitute for | and d/ ~ A/ in the Biot-Savart

Id/ x 7

r.2

relationship (dB = Ho
4

and substitute to find dB .

Express the Biot-Savart law for the
given current element:

(@) Find r and r for the point whose
coordinates are (3.0 m, 0, 0):

Evaluate dBat (3.0 m, 0, 0):

(b) Find r and r for the point whose
coordinates are (—6.0 m, 0, 0):

Evaluate dB at (6.0 m, 0, 0):

(¢) Find r and  for the point whose
coordinates are (0, 0, 3.0 m):

Evaluate dB at (0, 0, 3.0 m):

(d) Find r and r for the point whose
coordinates are (0, 3.0 m, 0):

), evaluate r and r for each of the points of interest,

dB = ﬂﬂ;'ﬁ
4r r
(2.0A)(2.0mm)k x 7

2
r

=107 N/A?)

= (0.400nT - m?)

r

X F
p

F=(3.0m)f, r=3.0m,and =i

kxi

dB(3.0m,0,0)=(0.400nT - m?) GomT
Um

A
.

(44pT)j

A ~
.

F=—(6.0m)i, r=6.0m,and F=—i

dB(- 6.0m,0,0)= (0.400nT - m?)

ix()

(6.0m)’

=| - (11pT)j

A

F=(3.0m)k, r=3.0m,and F =k

A

kxI:f

dB(0,0,3.0m) = (0.400nT -m?) Gom]
Uum

o

r =(3.0m)}', r=30m,and 7 =j
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Evaluate dB at (0, 3.0 m, 0): kx j

dB(0.3.0m,0)= (0.400nT - m?) GonT
Uum

—(44pT)i

19 - [SSM] A small current element at the origin has a length of 2.0 mm
and carries a current of 2.0 A in the +z direction. Find the magnitude and direction
of the magnetic field due to the current element at the point (0, 3.0 m, 4.0 m).

Picture the Problem We can substitute for | and d/ ~ A/ in the Biot-Savart law

(dB f E IdEx ), evaluate r and 7 for (0, 3.0 m, 4.0 m), and substitute to
T or

find dB.

The Biot-Savart law for the given 4B = o 1d7x 7

current element is given by: Ar r®

Substituting numerical values yields:

A

dB =(1.0x107 N/AZ)(z'OA)(z'rOzmm)k aLEg (0.400nT-m2)er2r
Find r and r for the point whose F= (3,0 m)} + (4.0 m)lff ,
coordinates are (0, 3.0 m, 4.0 m): A~ 4 A

r=5.0m, and f=§j+—k
5 5

Evaluate dB at (0, 3.0 m, 4.0 m):

k x ( Jj+ kj
dB(0,3.0m,4.0m)=(0.400nT -m?)—> > 2 _[(9.6pT)i
(5.0m)

20 - A small current element at the origin has a length of 2.0 mm and
carries a current of 2.0 A in the +z direction. Find the magnitude of the magnetic
field due to this element and indicate its direction on a diagram at (a) X = 2.0 m,
y=40m,z=0and (b)x=2.0m,y=0, z=4.0 m.

Picture the Problem We can substitute for | and d/ ~ A/ in the Biot-Savart law
(dB = Ho ld/x 7
A7 r?

finddB .

), evaluate r and 7 for the given points, and substitute to
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Apply the Biot-Savart law to the di = Mo Idi <7
given current element to obtain: CAr  r?
. 2.0A)(2.0mm)k x 7
= (107 N/AZ)( )2.0mm)
r
= (0.400nT -m?)*X"
r
(a) Find r and r for the point whose F=(20m)i +(4.0m)j,
coordinates are (2.0 m, 4.0 m, 0): r=20J5m
and

20, 40, 10; 204

——l+t—F=j=Fi+—F
N NN N

F=

Evaluate dBat (2.0 m, 4.0 m, 0):

~ (1 ~ 2 A
kx(z+jj
dB(2.0m,4.0m,0)=(0.400nT-m?) 5 NST) —(18pT)i +(8.9pT)j

(25 mf
The diagram is shown to the right: y
dB ~_
k. (2.0 m, 4.0 m, 0)
[
[
[
! X
z
(b) Find r and 7 for the point whose F=(2.0m)i +(4.0m)k,
coordinates are (2.0 m, 0, 4.0 m): r=20/5m
and
20 » 4.0 1.0, 2.0~

k=-——

i+ i1+—k
2045 2045 N5 45

=
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Evaluate dB at (2.0m, 0, 4.0 m):

P 1.0 ~ .
dB(2.0m,0,4.0m)=(0.400nT-m?) E;/;\/_ */)Z_ j_ (8.9pT)j
.0v5m

The diagram is shown to the right: y

7/
/
/
7/

(2.0m,0,4.0m)

The Magnetic Field Due to Current Loops and Coils

21 o A single conducting loop has a radius equal to 3.0 cm and carries a
current equal to 2.6 A. What is the magnitude of the magnetic field on the line
through the center of the loop and perpendicular to the plane of the loop (a) the
center of the loop, (b) 1.0 cm from the center, (C) 2.0 cm from the center, and
(d) 35 cm from the center?

2
Picture the Problem We can use B, = ﬂLI/z to find B on the axis of the
4r (x2 + Rz)3
current loop.
B on the axis of a current loop is g _t 27R%1
given by: " 4 (X2 N Rz)s/z
Substitute numerical values to
bt 8, (107 N/ A2\272(0 030m)’ (2. 61/A)
obtain: " (% +(0.030m) }*
~ 1.470x10”°T-m’
(x2 +(0.030m) |*
(a) Evaluate B at the center of the B(0) = 1.470x10”° T-m’ 54T

loop: 0+(0.030mf}*
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(b) Evaluate B at X = 1.0 cm: 1.470x10° T -m?

B(0.010m)= (0.010m) +(0.030m) )"*

46 uT

(c) Evaluate B at x = 2.0 cm: 1.470x10° T-m’

B(0.020m)=

((0.020m) +(0.030m) J'*
=|31uT

1.470x10”° T-m’
(0.35my +(0.030m) )"
34nT

(d) Evaluate B at X =35 cm:

B(0.35m)=

22 eee A pair of identical coils, each having a radius of 30 cm, are separated
by a distance equal to their radii, that is 30 cm. Called Helmholtz coils, they are
coaxial and carry equal currents in directions such that their axial fields are in the
same direction. A feature of Helmholtz coils is that the resultant magnetic field in
the region between the coils is very uniform. Assume the current in each is 15 A
and there are 250 turns for each coil. Using a spreadsheet program calculate and
graph the magnetic field as a function of z, the distance from the center of the
coils along the common axis, for —30 cm <z <+ 30 cm. Over what range of z
does the field vary by less than 20%?

Picture the Problem Let the origin be midway between the coils so that one of
them is centered at z = —R/2 and the other is centered at z = R/2, where R is the
radius of the coils. Let the numeral 1 denote the coil centered at z = —R/2 and the
numeral 2 the coil centered at z = R/2. We can express the magnetic field in the
region between the coils as the sum of the magnetic fields B; and B, due to the
two coils.

The magnetic field on the z is the B, =B,(z)+B,(z) (1)
sum of the magnetic fields due to the
currents in coils 1 and 2:

Express the magnetic field on the z 1, NR’1

. . B,(z)= B
axis due to the coil centered at 2[2 +(1RY + RZ]S
z=-R/2: ’

where N is the number of turns.

1, NR|
2lz-1r) +R2["

Express the magnetic field on the z
axis due to the coil centered at
z=R/2:

Bz(z):
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Substitute for B, (Z) and B, (Z) in equation (1) to express the total magnetic
field along the z axis:

o MNRL L NRY
©olz+irp R 2fz-1Ryp+R2[”

RS R (U

The spreadsheet solution is shown below. The formulas used to calculate the
quantities in the columns are as follows:

Cell Formula/Content Algebraic Form
Bl 1.13x10” Ho
B2 0.30 R
B3 250 N
B3 15 I

% % k LAY 2
B5 0.5*$B$1*$B$3*(§B$22)*$B%4 Coeffz@

A8 —0.30 R

B8 | $B$5*(($B$2/2+A8) 2+$B$2/2)\(-3/2) M[(Z _LR)Z + Rz]~3/2
’ 2

C8 | $B$5* (($B$2/2—A8) 2+$B$2/2)A(-3/2) M[(Z +lR)2 + Rz]~3/2
’ 2

D8 10°4(B8+C8) B, =10*(B,(2)+ B,(2))
A B C D
1= | 1.26E-06 | N/A®

R=10.30 m
N=| 250 turns
I=|15 A
Coeff= | 2.13E-04

Z B, B, B(Z)
5.63E-03 | 1.34E-03 | 70
-0.29 | 5.86E-03 | 1.41E-03 | 73
—0.28 | 6.08E-03 | 1.48E—03 | 76
—-0.27 | 6.30E-03 | 1.55E-03 | 78
-0.26 | 6.52E-03 | 1.62E-03 | 81
—-0.25 | 6.72E-03 | 1.70E-03 | 84
6.92E-03 | 1.78E-03 | 87
7.10E-03 | 1.87E-03 | 90

el el i
wN,_o\DOO\]O\U‘I-IkUJN'—‘
|
<o
(O8]
(e

._.
N
I
e
&)
=~

p—
(9]
|
o
N
(98]
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61| 0.23 | 1.87E-03 | 7.10E-03 | 90
62| 0.24 | 1.78E-03 | 6.92E-03 | 87
63| 0.25 | 1.70E-03 | 6.72E-03 | 84
64| 0.26 | 1.62E-03 | 6.52E-03 | 81
65| 0.27 | 1.55E-03 | 6.30E-03 | 78
66 | 0.28 | 1.48E-03 | 6.08E-03 | 76
67| 029 | 1.41E-03 | 5.86E-03 | 73
68 | 0.30 | 1.34E-03 | 5.63E-03 | 70

The following graph of B; as a function of Z was plotted using the data in the
above table.

120 7
113 pmmm e e e e m e e e

100 7 N
90 Fomme ol oo N
1
80 :

N

60

B: (G)

40

20

-0.3 -0.23 -0.2 -0.1 0.0 0.1 0.2 0.23 0.3

z (m)

The maximum value of B; is 113 G. Eighty percent of this maximum value is
90 G. We see that the field is within 20 percent of 113 G in the interval

-0.23m<z<0.23m.

23 eee A pair of Helmholtz coils that have radii R have their axes along the z
axis (see Problem 22). One coil is in the zZ =—7 R plane and the second coil is in

the z=1R plane. Show that on the z axis at z= 0 dB,/dz = 0, d°B,/dz*> = 0, and

d°B,/dz’ = 0. (Note: These results show that the magnitude and direction of the
magnetic field in the region to either side of the midpoint is approximately equal
to the magnitude and direction of the magnetic field at the midpoint.)
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Picture the Problem Let the numeral 1 denote the coil centered at z=—4Rand
the numeral 2 the coil centered at z=4R. We can express the magnetic field

strength in the region between the coils as the sum of the magnetic field strengths
due to the two coils and then evaluate the derivatives of this function to show that

dB,/dz = 0, d°B,/dz> = 0, and d°B,/dz* = 0 at 2= 0.

Express the magnetic field
strength on the z axis due to
the coil centered at z=—1R:

Express the magnetic field
strength on the z axis due to

the coil centered at
z=1R:

NR?1
B, (Z): :u0223
1

where z, = /(2 +%R)2 +R? and N is the

number of turns and.

NR?|
Bz(x): /10223
2

where z, =/(z-1R)’ +R?

Add these equations to express the total magnetic field along the X axis:

B, (Z): Bl(z)+ B, (Z)

_ mNREL g NRP L _ 4y NRP

27}

Differentiate B, with respect to z to
obtain:

2
Because z, =/(z+LR) +R? :

Because z, = (Z—l R)2 +R*:

273

dB
dz 2 dz

1 2

:—’UONR2I (_32_4%

" dz

%Z%[(z +1R) + RZTI/2[2(Z+%R)]
_Z+3R
==
O%:%[(Z—%R)2 +R*]"Llz-4R)
z
z-3R

L mNRd

2

@f+zf)

. adz
ypp—

dz

)
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= J&Ry +R* =(3R?)"
22(0)=\/W=(%R2)V2

Substituting for % and % in the expression for ddBZ and simplifying yields:
z z z

dB, _ 4, NR’I| _4,(ZHAR)_, (2-1R
dz 2 Yoz g,

_ uNR*1[=3(z +%R)+—3(z—%R)
2 z; z;

Evaluating z,(0) and z,(0) yields:
2,(0)

Substitute for z;(0) and z,(0) and evaluate ddBZ atz=0:
z

dB,| _ uNR’I [—3(5R) —3(—£R)}:@

dz |,_, 2 (% R2)5/2 + (% R2)5/2

. .. dB, . .
Differentiate r £ with respect to z to obtain:
z

d’B, #,NR’l d[-3(z+1R) -3(z—1R)
dz> 2 dz
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2
Evaluate 3 Z at z= 0 to obtain:

ZZ

d’B, :yONRZI(_3 1 _5(§R2+ 1 5(-1R)
@, 2 LR GRT OGRS GR)”
:,uONRzl(_3_ L3R 1 R

2 LGR®GRTGRGR)T
=y0NR2I(_3_ L L1
(GRI" GR™ GR™ GR)™

20

. .. d°B, . .
Differentiate d—zz with respect to z to obtain:
z

d3BZ_,uONR2I(_3)d[1 5(z+1RY 1 5(z—;R)2}

—| == +
3 5 7 5 7
dz 2 dz| z Z, zZ; z,

ALE (_3)[35(z+;R)3 _15(z+1R) 15(z-1R) 35(z—;R)3]

2 2 7 ;

3

Evaluate 232 at z = 0 to obtain:
d’B,|  x,NR’I 3 35(LR) _15(§R)_15(—%R)+ 35(-1R)’
2’ |, 2 7/ 2/ 7] z;

2 (srR7)” (zRi

0

24 eee Anti-Helmholtz coils are used in many physics applications, such as
laser cooling and trapping, where a field with a uniform gradient is desired.
These coils have the same construction as a Helmholtz coil, except that the
currents have opposite directions, so that the axial fields are in opposite

ﬂONR2|(_3{3S(;R)3 15(R)  15(R) 35(;R)3}

directions, and the coil separation is 3R rather than R. Graph the magnetic field
as a function of z, the axial distance from the center of the coils, for an anti-
Helmbholtz coil using the same parameters as in Problem 22. Over what interval of



Sources of the Magnetic Field 2583

the z axis is dB,/dz within one percent of its value at the midpoint between the
coils?

Picture the Problem Let the origin be midway between the coils so that one of
them is centered at z=—-2R and the other is centered at z=-LR. Let the

numeral 1 denote the coil centered at z :—@Rand the numeral 2 the coil

centered at z = @ R . We can express the magnetic field in the region between the

coils as the difference of the magnetic fields B; and B, due to the two coils and
use the two-point formula to approximate the slope of the graph of B; as a
function of z.

The magnetic field on the z is the B, =B,(z)-B,(2) €))
difference between the magnetic

fields due to the currents in coils 1

and 2:

Express the magnetic field on the z B (Z) B 1, NR?
. ) (2)= 7
axis due to the coil centered at 2[(2 N @ R)Z N sz

7=-R\3/2:
where N is the number of turns.

 uNR
/2
2[(z—§R)2+R2J3

Express the magnetic field on the z
axis due to the coil centered at

7=R3/2:

Bz(z)=

Substitute for B, (Z) and B, (Z) in equation (1) to express the total magnetic
field along the z axis:

o MNRL R
z /2 /2
Ao+ orfr2]" 2-LRf4r?] O

:%RZI([(Z +@R)2 + Rzr/z - [(Z —%R)z + Rzr/z)

The spreadsheet solution is shown below. The formulas used to calculate the
quantities in the columns are as follows:

Cell Formula/Content Algebraic Form
Bl 1.26x10°° Ho

B2 0.30 R

B3 250 N

B3 15 I
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B5 | 0.5*B$1*B$3*(B$2"2)*B$4 2
(B52°2) Coeff = #oNR1
A8 —0.30 R
B8 | B$5*((B$2*SQRT(3)/2+A8)"2 | , NR’| [ }3/2
V3
+BS2°2)N(=3/2) = 2 +£R) +R’
C8 | B$5* (B$2*SQRT(3)/2—A8)"2 ﬂONRq[( ﬁR)Z Rzr/z
+B$2/2)N(=3/2) T, lEmER)A
DS 10°4*(B8-C8) B, =B,(z)-B,(z)
E9 (D10 — D8)/(A10 — A8) AB, Az
F9 | ABS(100*(E9 — E$38)/E$38) % diff
A B C D E F
1 1= | 1.26E-06 | N/A*
2 R=1[0.30 m
3 N=| 250 turns
4 I=] 15 A
5 | Coeff= | 2.13E-04
6
7 z B, B, B(z) | slope | % diff
8 | —0.30 | 7.67E-03 | 8.30E-04 | 68.4
9 | —0.29 | 7.76E—-03 | 8.65E-04 | 68.9 | 41 | 112.1
10 | —0.28 | 7.82E—03 | 9.03E-04 | 69.2 | 14 | 104.1
11| —0.27 | 7.86E-03 | 9.42E-04 | 69.2 | —14 | 95.9
12| —0.26 | 7.87E-03 | 9.84E-04 | 68.9 | —42 | 87.5
30 | —0.08 | 4.97E-03 | 2.28E-03 | 26.9 | -332| 1.3
31 | —0.07 | 4.75E-03 | 2.40E-03 | 23.5 | =334 | 0.8
32| —0.06 | 4.54E—03 | 2.52E—03 | 20.2 | =335 | 0.4
33 | —0.05 | 4.33E-03 | 2.65E-03 | 16.8 | -336| 0.2
34| —0.04 | 4.13E-03 | 2.79E-03 | 13.5 | =336 | 0.1
35| —0.03 | 3.94E-03 | 2.93E-03 | 10.1 | =337 | 0.0
36 | —0.02 | 3.75E-03 | 3.08E-03 | 6.7 | 337 | 0.0
37 | —0.01 | 3.57E-03 | 3.24E-03 | 3.4 |-337| 0.0
38| 0.00 |3.40E-03 |3.40E-03| 0.0 | —337| 0.0
39| 0.01 |3.24E-03 |3.57E-03 | —3.4 | =337 | 0.0
40| 0.02 |3.08E-03 | 3.75E-03 | —6.7 | =337 | 0.0
41| 0.03 |2.93E-03 | 3.94E-03 | -10.1 | =337 | 0.0
42| 0.04 |2.79E-03 | 4.13E-03 | —13.5 | =336 | 0.1
43| 0.05 |2.65E-03 | 4.33E-03 | —16.8 | =336 | 0.2
44| 0.06 | 2.52E-03 | 4.54E-03 | —20.2 | =335 | 0.4
45| 0.07 | 2.40E—03 | 4.75E-03 | —23.5 | =334 | 0.8
46 | 0.08 | 2.28E—03 | 4.97E-03 | —26.9 | =332 | 1.3
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64| 0.26 |9.84E-04 | 7.87E-03 | -68.9 | —42 | 87.5
65| 0.27 | 9.42E-04 | 7.86E-03 | -69.2 | —14 | 95.9
66 | 0.28 |9.03E-04 | 7.82E-03 | —69.2 | 14 | 104.1
67| 0.29 |8.65E-04 | 7.76E-03 | -68.9 | 41 | 112.1
68| 0.30 | 8.30E-04 | 7.67E-03 | -68.4

The following graph of B; as a function of zZ was plotted using the data in the
above table.

80 7

60 ™
NN
20 \i

B: (G)

-20 ; E\

& s s \\,
-80
-0.3 0.2 -0.1-0075 0.0 0.075 0.1 0.2 0.3

Z(m)

Inspection of the table reveals that the slope of the graph of B,, evaluated at z= 0,
1s =337 G. 1% of this value corresponds approximately to —0.075 m <z <0.075 m

or | —0.25R<z<0.25R |.

The Magnetic Field Due to Straight-Line Currents

25 e [SSM] If the currents are both in the —x direction, find the magnetic
field at the following points on the y axis: (a) y =-3.0 cm, (b) y =0,
(c)y=+3.0cm, and (d) y = +9.0 cm.

Picture the Problem Let + denote the wire (and current) at y = +6.0 cm and — the

wire (and current) at y = —6.0 cm. We can use B = 5—0% to find the magnetic
T

field due to each of the current-carrying wires and superimpose the magnetic

fields due to the currents in these wires to find B at the given points on the y axis.

We can apply the right-hand rule to find the direction of each of the fields and,

hence, of B .
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(a) Express the resultant magnetic
field aty =-3.0 cm:

Find the magnitudes of the magnetic

fields at y =—3.0 cm due to each
wire:

Apply the right-hand rule to find the
directions of B+ and B :

Substituting in equation (1) yields:

(b) Express the resultant magnetic
field aty = 0:

Because B, (0) =-B_ (0) :

(c) Proceed as in (a) to obtain:

(d) Proceed as in (a) with y =9.0 cm
to obtain:

26 '

E(— 3.0 cm) = l{(— 3.0cm)

1
B (C3.0em)

B.(-3.0cm)= (107 T-m/A) 2(20A)
0.090m
=44.4 uT
and
B (-3.0cm)= (10‘7 T- m/A) 2(20A)

0.030m

=133 4T

B.(-3.0cm)=(44.4 uT )k
and
B (-3.0cm)=—(133 uT )k

B(~3.0cm) = (44.4 uT Yk — (133 uT )k
— (89 4T )k

B,.(3.0cm)= (133 uT )k,
B (3.0cm)=—(44.4 uT )k ,

and

B(3.0cm) = (133 4T )k — (44.4 4T )k

=| (89 4T )k

B, (9.0cm)=—(133 4T )k ,

B (9.0cm)=—(26.7 uT)k ,

and

B(9.0cm)=—(133 4T )k —(26.7 4T )k

—| —(160 4T )k

Using a spreadsheet program or graphing calculator, graph B, versus

y when both currents are in the —x direction.
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Picture the Problem The diagram shows the two wires with the currents flowing
in the negative X direction. We can use the expression for B due to a long, straight
wire to express the difference of the fields due to the two currents. We’ll denote
each field by the subscript identifying the position of each wire.

The field due to the current in the _ My 21

wire located aty = 6.0 cm is: ° 47 0.060m-y
The field due to the current in the g M 21
wire located at y = —6.0 cm is: 47 0.060m+ y

The resultant field B, is the difference between Bg and B_g:

B-B_-B -t 1 |
© T 47 0.060m—y 4z 0.060m— y

_ M1 1 _ 1
4z 0.060m—y 0.060m+y

The following graph of B; as a function of y was plotted using a spreadsheet
program:

B, (G)

-0.10 -0.05 0.00 0.05 0.10

y (m)
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27 e The current in the wire at y = —6.0 cm is in the —X direction and the
current in the wire at y = +6.0 cm is in the +x direction. Find the magnetic field at
the following points on the y axis: (a) y =-3.0 cm, (b) y =0, (¢) y = +3.0 cm, and
(d)y =+9.0 cm.

Picture the Problem Let + denote the wire (and current) at y = +6 cm and — the

wire (and current) at y = —6.0 cm. We can use B = f—o%to find the magnetic
T

field due to each of the current carrying wires and superimpose the magnetic

fields due to the currents in the wires to find B at the given points on the y axis.

We can apply the right-hand rule to find the direction of each of the fields and,

hence, of B.

(a) Express the resultant magnetic B(-3.0cm)=B,(-3.0cm)
field aty =-3.0 cm: +B (—3.0cm) (M
Find the magnitudes of the magnetic B.(~3.0em)= (1 07T m/ A) 2(20A)
fields at y = —3.0 cm due to each o 0.090m
wire: =44.4 4T

and

B (-3.0cm)=(107T-m/A) S(SSOA)

.030m
=133 uT

Apply the right-hand rule to find B, (-3.0cm)=—(44.4 uT )k
the directions of li and B : and

B (-3.0cm)=—(133 uT )k
Substituting in equation (1) yields: B(-3.0cm) = —(44.4 uT )k — (133 4T )k

=| —(0.18mT)k

(b) Express the resultant magnetic E(O) = l§+ (0)+ B (O)

field aty = 0:
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Find the magnitudes of the magnetic B (O) _ (1 0" T-m/ A) 2(20 A)

fields at y = 0 cm due to each wire: 0.060m
= 66.7 uT
and
B (0)=(10"T-m/A) 2(204)
0.060m
=606.7ul
Apply the right-hand rule to find B_(0)=—(66.7 1T )k

the directions of l§+ and B_: and
B_(0)=—(66.7 uT)k

Substitute to obtain: B(0)=—(66.7 4T )k — (66.7 1T k
=| —(0.13mT)k
(¢) Proceed as in (a) with B, (3.0cm)=—(133uT )k ,
y =+3.0 cm to obtain: E_(S.Ocm) - —(44.4,uT)I€ ’
and
B(3.0cm)=—(133 4T )k —(44.4 4T )k
=| —(0.18mT)k

(d) Proceed as in (a) with B,(9.0cm)= (133 uT )k,
y =+9.0 m to obtain: B (9.0cm)= —(26.7,uT)I€ ’
and
B(9.0cm) = (133 4T )k —(26.7 uT )k

=| (0.11mT)k

28 e The current in the wire at y = —6.0 cm is in the +x direction and the
current in the wire at y = +6.0 cm is in the —X direction. Using a spreadsheet
program or graphing calculator, graph B, versus y.

Picture the Problem The diagram shows the two wires with the currents flowing
in the negative X direction. We can use the expression for B due to a long, straight
wire to express the difference of the fields due to the two currents. We’ll denote
each field by the subscript identifying the position of each wire.
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z
B,
-6.0 Il§6 6.0 7 gnl
_'y )
< y+6.0cm L > 6~00m—y/4
X
The field due to the current in the g -t 21
wire located at y = 6.0 cm is: ° 47 0.060m-y
The field due to the current in the _ M 21
wire located at y = —6.0 cm is: 47 0.060m+y
The resultant field B, is the sum of Bg and B_g:
B =B +B =t 1 !

e T 42 0.060m -y 47 0.060m—y

_ ] 1
47 {0.060m—y 0.060m+y

The following graph of B; as a function of y was plotted using a spreadsheet
program:

4 \ /
2
2 0
=
2
4 : '
-0.10 -0.05 0.00 0.05 0.10
y (m)

29 . Find the magnetic field on the z axis at z = +8.0 cm if () the currents
are both in the —x direction, and (b) the current in the wire at y = —6.0 cm is in the
—X direction and the current in the wire aty = +6.0 cm is in the +X direction.
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Picture the Problem Let + denote the wire (and current) at y = +6.0 cm and — the

wire (and current) aty = —6.0 cm. We can use B = Ho

21 to find the magnetic
4z R

field due to each of the current carrying wires and superimpose the magnetic
fields due to the currents in the wires to find B at the given points on the z axis.

(a) Apply the right-hand rule to
show that, for the currents parallel
and in the negative X direction, the
directions of the fields are as shown
to the right:

Express the magnitudes of the
magnetic fields at z = +8.0 cm due
to the current-carrying wires at
y=-6.0cmandy=+6.0 cm:

Noting that the z components add
to zero, express the resultant
magnetic field at z=+8.0 cm:

(b) Apply the right-hand rule to
show that, for the currents
antiparallel with the current in
the wire at y = —6.0 cm in the
negative X direction, the
directions of the fields are as
shown to the right:

Noting that the y components add
to zero, express the resultant
magnetic field at z=+8.0 cm:

8.0cm

B, =B =(10"T-m/A)
2(20A)
J(0.060m) +(0.080m)?

= 40.0 4T

X

B(8.0cm) = 2(40.0 4T )cos 0 j
2(40.0 4T)(0.60) j
(48,4T)j

B(8.0cm) = —2(40.0 4T )sin O k
= —2(40.0 uT)(0.80)k
=| —(64 uT)lg
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30 - Find the magnitude of the force per unit length exerted by one wire on
the other.

Picture the Problem Let + denote the wire (and current) at y = +6.0 cm and —
the wire (and current) at y = —6.0 cm. The forces per unit length the wires exert
on each other are action and reaction forces and hence are equal in magnitude.
. : 21
We can use F = I/B to express the force on either wire and B = f—o—to express
V2
the magnetic field at the location of either wire due to the current in the other.

Express the force exerted on either F=1/B
wire:

Express the magnetic field at either B_ o 21
location due to the current in the 47 R

wire at the other location:

Substitute for B to obtain: Eopd #2020 | 2
47 R) 4z R
Divide both sides of the equation by F 24,17
{ to obtain: ¢ 4r R
Substitute numerical values and F 2(1 07T -m/ A)(20 AY
evaluate F/ 7 : v 0.12m
=| 0.67mN/m
31 Two long, straight parallel wires 8.6 cm apart carry equal currents.

The wires repel each other with a force per unit length of 3.6 nN/m. (a) Are the
currents parallel or anti-parallel? Explain your answer. (b) Determine the current
in each wire.

2u, 1° :
—to relate the force per unit length
4r R

each current-carrying wire exerts on the other to their common current.

Picture the Problem We can use E =

(a) Because the currents repel, they are antiparallel.

(b)The force per unit length Fo2u,1° | 47R F

experienced by each wire is given ¢ 4r R 2u, ¢
by:
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Substitute numerical values and (8. 6 cm)
evaluate |: = \/2 107 T /A (3.6 nN/m)

39mA

32 e The current in the wire shown in Figure 27-52 is 8.0 A. Find the
magnetic field at point P.

Picture the Problem Note that the current segments a-b and e-f do not contribute
to the magnetic field at point P. The current in the segments b-c, c-d, and d-e
result in a magnetic field at P that points into the plane of the paper. Note that the
angles bPc and ePd are 45° and use the expression for B due to a straight wire
segment to find the contributions to the field at P of segments bc, cd, and de.

Express the resultant magnetic field B =B, + B +Be
at P:

i I . .
Express t.he magnetic field due to a gt —(sm 0, +sin 92) 1)
straight line segment: 4z R

Use equation (1) to express B,, and B, - My I (sin 45° 4 sin 0°)
Bde : 4z R
= ﬂl—sin 45°
47 R

Use equation (1) to express B, : M 1 (sin 45° 4 sin 4 50)

cd

4
=2ﬂlsin45°
A
Substitute to obtain: | '
ubstitute to obtain Bzﬂ_sin45°+2ﬁ—sin45°
4z R 4z R
I
+ &—sin45°
47 R
I
— a0 T Ginaso

47 R
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Substitute numerical values and B 4(1 07 T-m/ A) 8.0A sindse
evaluate B: 0.010m

=| 0.23mT into the page

33 e [SSM] As astudent technician, you are preparing a lecture
demonstration on "magnetic suspension. ” You have a 16-cm long straight rigid
wire that will be suspended by flexible conductive lightweight leads above a long
straight wire. Currents that are equal but are in opposite directions will be
established in the two wires so the 16-cm wire "floats” a distance h above the
long wire with no tension in its suspension leads. If the mass of the 16-cm wire is
14 g and if h (the distance between the central axes of the two wires) is 1.5 mm,
what should their common current be?

Picture the Problem The forces acting on the wire are the upward magnetic
force Fg and the downward gravitational force mg, where m is the mass of the
wire. We can use a condition for translational equilibrium and the expression for
the force per unit length between parallel current-carrying wires to relate the
required current to the mass of the wire, its length, and the separation of the two
wires.

Apply Z F, =0to the floating Fe —mg=0

wire to obtain:

Express the repulsive force acting on F ot 1°¢
the upper wire: B "4r R
Substitute to obtain: 2
2&M_mg =0=1= 47zng
4r R 2u,0

Substitute numerical values and evaluate I:

=| 80A

[ 1410”7 kg )O.81m/s” J1.5x 10~ m)
20107 T-m/A)(0.16m)

34 < Three long, parallel straight wires pass through the vertices of an
equilateral triangle that has sides equal to 10 cm, as shown in Figure 27-53. The
dot indicates that the direction of the current is out of the page and a cross
indicates that the direction of the current is into the page. If each current is 15 A,
find (a) the magnetic field at the location of the upper wire due to the currents in
the two lower wires and (b) the force per unit length on the upper wire.
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Picture the Problem (a) We can use the right-hand rule to determine the
directions of the magnetic fields at the upper wire due to the currents in the two

) 21 )
lower wires and use B = f_oﬁ to find the magnitude of the resultant field due to
T
these currents. (b) Note that the forces on the upper wire are away from and

directed along the lines to the lower wire and that their horizontal components

| )
:l—o—to find the resultant force in the upward
V4

direction (the y direction) acting on the top wire.

F
cancel. We can use —=2

(a) Noting, from the geometry of the BooHo 2l 0830
wires, the magnetic field vectors 47 R

both are at an angle of 30° with the

horizontal and that their y

components cancel, express the

resultant magnetic field:

Substitute numerical values and B = 2(1 07 T-m/ A)2(l 5 A) 0s30°
evaluate B: 0.10m
=| 52 uT toward the right

(b) Express the force per unit length F 5 Ho 1°
each of the lower wires exerts on the ¢ T4r R
upper wire:
Noting that the horizontal F 2

oting that the horizonta Z—y _ Z&I—COS3OO
components add up to zero, express / 47 R
the net upward force per unit length u, 17
on the upper wire: + 253005 30

2
= 4ﬁ|—cos 30°
47 R

Substitute numerical values and z F

2

- v = 4107 T-m/A)(ISA)
y

evaluate 27 :

— cos30°
/ 0.10m

=| 7.8x10™* N/m up the page

35 e Rework Problem 34 with the current in the lower right corner of
Figure 27- 53 reversed.
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Picture the Problem (a) We can use the right-hand rule to determine the
directions of the magnetic fields at the upper wire due to the currents in the two

lower wires and use B = Zl—o% to find the magnitude of the resultant field due to
V4
these currents. (b) Note that the forces on the upper wire are away from and

directed along the lines to the lower wire and that their horizontal components

1° :
= 25—0—‘(0 find the resultant force in the upward
T

direction (the y direction) acting on the top wire.

F
cancel. We can use —

(a) Noting, from the g§ometry of the B=_oth 21 sin 30° }
wires, that the magnetic field vectors 4

both are at an angle of 30° with the

horizontal and that their X

components cancel, express the

resultant magnetic field:

Substitute numerical values and B 2(1 07 T-m/ A)2(15A)sin3 0°
evaluate B: 0.10m
=| 30 4T down the page
(b) Express the force per unit length F 5 Ho |
each of the lower wires exerts on the ¢ “4r R
upper wire:
Noting that the vertical t F :
oting that the vertical components Z—X _ 2&|—cos 60°

add up to zero, express the net force
per unit length acting to the right on
the upper wire:

b4 iy

2
+ Zﬂl—cos 60°
47

2
= 4&|—cos 60°
A

) : F
Substitute numerical values and evaluate ZTX :

Z%:4(10‘7T-m/A)(35A)2

c0s60° =| 4.5x10~* N/m toward the right

Om
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36 e Aninfinitely long wire lies along the X axis, and carries current | in the
+X direction. A second infinitely long wire lies along the y axis, and carries
current | in the +y direction. At what points in the z = 0 plane is the resultant
magnetic field zero?

Picture the Problem Let the numeral 1 denote the current flowing in the positive
X direction and the magnetic field resulting from it and the numeral 2 denote the
current flowing in the positive y direction and the magnetic field resulting from it.
: . . 21
We can express the magnetic field anywhere in the Xy plane using B = Zl—OE and
V4
the right-hand rule and then impose the condition that B =0to determine the set
of points that satisfy this condition.

Express the resultant magnetic field B=B, + fgz (1)
due to the two current-carrying

wires:

Express the magnetic field due to the B =t 21, i

current flowing in the positive X "4z y

direction:

Express the magnetic field due to the B —_Ho 21, »

current flowing in the positive y : 4r x

direction:

Substitute for B,and B, in equation

poto2lp m 21,

(1) and simplify to obtain: 4z y 4z X
=(&ﬂ_&ﬂ};
47y 4r X
because | =1 = I,.
For B=0: ﬂﬂ_ﬂﬂzoszy
4y 4rm X

B=0 everywhere on the plane that contains both the z axis and the line y =X in

the z =0 plane.

37 e+ [SSM]

An infinitely long wire lies along the z axis and carries a

current of 20 A in the +z direction. A second infinitely long wire that is parallel to
the z and intersects the X axis at X = 10.0 cm. (@) Find the current in the second
wire if the magnetic field is zero at (2.0 cm, 0, 0) is zero. (b) What is the magnetic

field at (5.0 cm, 0, 0)?
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Picture the Problem Let the numeral 1 denote the current flowing along the
positive z axis and the magnetic field resulting from it and the numeral 2 denote
the current flowing in the wire located at X = 10 cm and the magnetic field
resulting from it. We can express the magnetic field anywhere in the Xy plane

using B :f—o% and the right-hand rule and then impose the condition that
T

B = 0to determine the current that satisfies this condition.

(a) Express the resultant magnetic B=B, + f;z (1)
field due to the two current-carrying
wires:
Express the magnetic field at - n
_p & B (2.0cm)=ﬂ 2L
X = 2.0 cm due to the current ! 47\ 2.0cm
flowing in the positive z
direction:
Express the magnetic field at - [ 21, )4
X = 2.0 cm due to the current flowing B,(2.0cm)= 47\ 8.0cm
in the wire at X = 10.0 cm:
Substitute for E1 andl?2 in equation B Ho 21, v Hy 21, }
(1) and simplify to obtain: 4\ 2.0cm 47\ 8.0cm
(e 20 20 )
47 2.0cm 47 8.0cm
For B=0: Mo 200 ) | 21, _0
47\ 2.0cm ) 4rx{8.0cm
or
Loy,
2.0 8.0
Substitute numerical values and 1, =4(20A)=| 80A
evaluate I,:

(b) Express the magnetic field at x = 5.0 cm:

B(s.ocm>:&(2—'lj;- &( 21, j;-=4j*‘° 1.0

477\ 5.0cm _47z 5.0cm (5.0cm
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Substitute numerical values and evaluate B(5.0cm):

-7
B(5.0cm)= M(zoA ~80A)j =| —(0.24mT)j

5.0cm

38 e Three long parallel wires are at the corners of a square, as shown in
Figure 27- 54. The wires each carry a current |. Find the magnetic field at the
unoccupied corner of the square when (a) all the currents are into the page, (b) I,
and |5 are into the page and I, is out, and (C) I, and |, are into the page and 15 is
out. Your answers should be in terms of | and L.

Picture the Problem Choose a coordinate system with its origin at the lower left-
hand corner of the square, the positive X axis to the right and the positive y axis

upward. We can use B = Z—O% and the right-hand rule to find the magnitude and
V2

direction of the magnetic field at the unoccupied corner due to each of the

currents, and superimpose these fields to find the resultant field.

(a) Express the resultant magnetic B=B, + 1}2 + E3 (1)
field at the unoccupied corner:

When all the currents are into the
paper their magnetic fields at the
unoccupied corner are as shown to
the right:

Express the magnetic field at the

unoccupied corner due to the Y4 L
current |;:
Express Fhe magnetic field at the Bz _ Mo 21 cosd 50(1: 3 })
unoccupied corner due to the current 4 L2
|2I A A

i 215

4z 2L

Express the magnetic field at the B M 2l ;

unoccupied corner due to the current Tar L

|3Z
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Substitute in equation (1) and simplify to obtain:

B Mo 21 = gy 21z Mo 202y 210 2 1z 4), 2
B=—"— Il—jl+——i="——|—j+=\li—Jj)+i
s L ar 2|_< -J) TR 2( j)

e

(b) When I, is out of the paper the
magnetic fields at the unoccupied
corner are as shown to the right:

A

BI
Express Fhe magnetic field at the Bz _ My 21 cosd 50(_ Py })
unoccupied corner due to the current 4z L2
|2: ,uo 2| A “
=——\-i+
47 2L ( J)

Substitute in equation (1) and simplify to obtain:

B Mo 21~ py 21 3\, Mo 21 4y 21 YA
B=—"—"— i+jl+——i="——|—j+=\-i+j|+i
4z L It 4 2L( J) 4z L 4r L / 2( J)

O [ PO O RS ) IR B ] ﬂo' i j]
4z L 2 2/ Tar L2 2

(c) When I, and I, are in and |5 is out B,
of the paper the magnetic fields at .
the unoccupied corner are as shown B
to the right: i
From (@) or (b) we have: B o__Ho 21,
Yodr L

From (a) we have: Ez Hy cos45° ( ])

4z L\/_

_Ho 21 (l A)
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Express the magnetic field at the B o—_Ho 21 ;
unoccupied corner due to the 3 Ar L
current |5:

Substitute in equation (1) and simplify to obtain:

- M, 21 M 21 (» » M 21 ; M, 21 PO O A NN
B=—"—"—j+——VNi—j|-——i="——|—-j+=\i—j)-i
4r L / 4r ZL( J) 4r L 4r L / 2( J)

R | T R | ﬂ_o'_,f_3;]
4z L 2 2 4L

39 e [SSM] Four long, straight parallel wires each carry current I. Ina
plane perpendicular to the wires, the wires are at the corners of a square of side
length a. Find the magnitude of the force per unit length on one of the wires if
(@) all the currents are in the same direction and (b) the currents in the wires at
adjacent corners are oppositely directed.

Picture the Problem Choose a coordinate system with its origin at the lower
left-hand corner of the square, the positive X axis to the right and the positive y
axis upward. Let the numeral 1 denote the wire and current in the upper left-hand
corner of the square, the numeral 2 the wire and current in the lower left-hand
corner (at the origin) of the square, and the numeral 3 the wire and current in the

lower right-hand corner of the square. We can use B = Zl—o% and the right-hand
V4

rule to find the magnitude and direction of the magnetic field at, say, the upper

right-hand corner due to each of the currents, superimpose these fields to find the

resultant field, and then use F = 1/B to find the force per unit length on the wire.

(a) Express the resultant magnetic B=B, +B, +B, (1)
field at the upper right-hand corner:

When all the currents are into the
paper their magnetic fields at the
upper right-hand corner are as shown
to the right:

Express the magnetic field due to the
current |;:
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Express the magnetic field due to the
current |,:

Express the magnetic field due to the
current l5:

, = Zl—;%cos 45°(f - })

21 (x4
“irzat )

_ M 21 s

B,
47 a

Substitute in equation (1) and simplify to obtain:

g:_&ﬂe+ﬂﬂ(;_c)
47 a 47 2a

Mo 21 2 py 2'( R Y :J
R e e R R | Y 12T
4z a dr a J 2( J)

Hy 21 lj" ( 1]" 3,Ll0| rooA
S Rk f | JPRET N R a1
4r aK 2 2 ) 47za[ J]

Using the expression for the
magnetic force on a current-
carrying wire, express the force
per unit length on the wire at the
upper right-hand corner:

Substitute to obtain:

(b) When the current in the upper
right-hand corner of the square is out
of the page, and the currents in the
wires at adjacent corners are
oppositely directed, the magnetic
fields at the upper right-hand are as
shown to the right:

F
=8l )

L
and

3 |22 22
_ 3! [ 3™
[4;:&] [47:&]
3\/5,110I2
47

~|m

fFl

=
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Express the magnetic field at the B, - Ho cosd 50(_ Py })
upper right-hand corner due to 4r a\/_
the current I,: 1,y 21 ( . A.)
=0 |-i+
4rx 2a /

Using Bl and 33 from (@), substitute in equation (1) and simplify to obtain:

p_ My 20 g 20 (s 5 g 21 : ﬂo2|( I :j
B=-t0 " jy b0 = e g = 0 T G i
ar a’ 47z2a( j) ar a’ 4aral ’ 2( j)

_ M 21 (1_1%(_“1); :ﬂﬂ{lg_;} ﬂo'[ -]
4 a 2 2 dr a |2

Substitute in equation (2) to obtain: F  pl’ [: ';:I
—_— = -
, J
and

E: fol” 2+ fol” 2: \/E/uolz
l 4ma 4ma 4ma

40 = Five long straight current-carrying wires are parallel to the z axis, and
each carries a current | in the +z direction. The wires each are a distance R from
the z axis. Two of the wires intersect the X axis, one at X = R and the other at

X = —R. Another wire intersects the y axis at y = R. One of the remaining wires

intersects the z = 0 plane at the point (R/ J2, R/ J2 ) and the last remaining wire

intersects the z = 0 plane at the point (— R/ V2 , R/ V2 ) Find the magnetic field on
the z axis.

Picture the Problem The configuration
is shown in the adjacent figure. Here
the z axis points out of the plane of the
paper, the X axis points to the right, the
y axis points up. We can use

_ M 21

47 R
and the right-hand rule to find the
magnetic field due to the current in
each wire and add these magnetic fields
vectorially to find the resultant field.

Express the resultant magnetic B=B +B,+B,+B,+B, (1)
field on the 7 axis:
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B, is given by: B, =Bj

B, is given by: B, =(Bcos 45°)f +(Bsin 450)}'
B, is given by: B, =Bi

B, is given by: B, =(Bcos 45°)f —(Bsin 45°)}'
ES is given by: Bs = —B}'

Substitute for B,, B,, B,, B,, and B in equation (1) and simplify to obtain:

B= B} + (B COs 45°)f + (B sin 45°)} +Bi + (B cos 45°)1¢ - (B sin 450)} - B}'

= (Bcos45°)i + Bi +(Bcos45°)i = (B+2Bcos45°)i = (1 + JE)BE

Express B due to each current at _ My 21
z2=0: 4z R

Substitute for B to obtain:

~°T
1l

(l+\/§)%f

Magnetic Field Due to a Current-carrying Solenoid

41 e+ [SSM] A solenoid that has length 30 cm, radius 1.2 cm, and 300
turns carries a current of 2.6 A. Find the magnitude of the magnetic field on the
axis of the solenoid (@) at the center of the solenoid, (b) at one end of the
solenoid.

a
+
Jb>+R> +a’+R?
at any point on the axis of the solenoid. Note that the number of turns per unit
length for this solenoid is 300 turns/0.30 m = 1000 turns/m.

Picture the Problem We can use B, =1 ,uonl( ] to find B

Express the magnetic field at any B 1 | ( a J
. . .1 « =7 M0 +
point on the axis of the solenoid: 2770 Jo?+R? +al+R?
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Substitute numerical values to obtain:

B, =1(47x107 T-m/A)(1000)(2.6A) b a
Jb%+(0.012m)? \/a +(0.012m)?

—(1.634mT) b a
Jb% +(0.012m)’ \/a (0.012m)?

(@) Evaluate By fora=b=0.15m:

B, (0.15 m)_(1.634mT)[ 0.15m . 0.15m }

JO.15m) +(0.012m)*  J(0.15m) +(0.012m)’

=|3.3mT

(b) Evaluate By (= Beng) fora =0 and b =0.30 m:

B,(0.30m)= (1.634mT){\/(0 30m(;3fg TFr, J =/ 1.6mT

Note that B,, =5 B

~1
2 “center *

42 o A solenoid is 2.7-m long, has a radius of 0.85 cm, and has 600 turns. It
carries a current | of 2.5 A. What is the magnitude of the magnetic field B inside
the solenoid and far from either end?

Picture the Problem We can use B = g nl to find the magnetic field inside the

solenoid and far from either end.

The magnetic field inside the B = p,nl
solenoid and far from either end is
given by:

Substitute numerical values and

. 600
ovaluate B: B=(4rx10" N/Az)[ )(2 5A)

2.7m

=| 0.70mT
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43 = A solenoid has n turns per unit length, has a radius R, and carries a
current |. Its axis coincides with the z axis with one end at z=—1/ and the other

end at Z =+ /(. Show that the magnitude of the magnetic field at a point on the z

axis in the interval z> 1 ¢ is given by B =1 z,nl(cosé, —cosd, ), where the

angles are related to the geometry by: cosé, = (z +%€)/ (z+1¢) +R? and
cosd, =(z —%f)/w/(z — L7V +R2.

Picture the Problem The solenoid, extending from z=—-//2toz =/¢/2, with the
origin at its center, is shown in the following diagram. To find the field at the
point whose coordinate is z outside the solenoid we can determine the field at z
due to an infinitesimal segment of the solenoid of width dz’ at z', and then
integrate from z=—/¢/2 to z=/¢/2. We’ll treat the segment as a coil of thickness

ndz’ carrying a current .

R L
o—— ¢
6,
—10 0 P

Express the field dB at the axial point H 27R%1 .

o dB ="+ ; 77 Uz
whose coordinate is z: 4 [(Z _ Z') + Rz]
Integrate dB from z=—/¢/2 to z=//2to obtain:

B_;QMRZWZ dz' Nl Z+0/2 z-10/2

2 Lle-zyper]? 2 (Jzro2r R Jz-g2) +R

Refer to the diagram to express Z+50
cosf, = 7
cos® and cosby: [RZ +(Z+%)2]
and
z—3/
cosd, = - : T
[R +(z-10) ]

Substitute for the terms in B=|Lunl(cosé —cosb,)
parentheses in the expression for B
to obtain:




Sources of the Magnetic Field 2607

44 eee In Problem 43, an expression for the magnitude of the magnetic field
along the axis of a solenoid is given. For z>> ¢ and ¢ >> R, the angles 6, and 6
are very small, so the small-angle approximations cosd ~1—16° and

sin@ ~ tanf ~ @ are highly accurate. (a) Draw a diagram and use it to show that,
for these conditions, the angles can be approximated as 6, ~ R/ (z+170)

and 6, ~ R/ (z—1¢). (b) Using these approximations, show that the magnetic

field at a points on the z axis where z >> ¢ can be written as B = e q—; —q—;
4z\r;

where 1, =z -1/ is the distance to the near end of the solenoid, I, =z+2/ is the

distance to the far end, and the quantity q, is defined by q, =nlzR> = /¢, where

1=NIzR? is the magnitude of the magnetic moment of the solenoid.

Picture the Problem (a) We can use the results of Problem 43, together with the
small angle approximation for the cosine and tangent functions, to show that 6,

o
angles 6, and 6 are shown in the diagram. Note that tané, = R/ (Z +1/ 2) and
tand, = R/(z—-¢/2).

and 6 are as given in the problem statement and that (b) B = Z—O[qi —qi] . The
V2

R q
for—— :
6,
—14 0 z' o+
(a) Apply the small angle R R
L . 0 =~ and 6, =
approximation tanfd = @to obtain: Z+10 z-1¢
(b) Express the magnetic field B =1 u,nl(cosé, —cosb,)
outside the solenoid:
Apply the small angle approximation R :
for the cosine function to obtain: cos) =1-7 ’
Z+5/0
and
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Substitute and simplify to obtain:

2
R R
B:%ﬂonlllé(2+§€] _H%(z—lf

Let 1, = z+ 4/ be the distance to the
near end of the solenoid, I, =z -1/
the distance to the far end, and

q,, =NlzZR? = i/, where u= nlnR?

is the magnetic moment of the
solenoid to obtain:

Using Ampere’s Law

]2]:%%”“{(2_;)2 _(le}

ILIO qm qm
B=| £ dm _m
47[( o J

45 o [SSM] A long, straight, thin-walled cylindrical shell of radius R
carries a current | parallel to the central axis of the shell. Find the magnetic field
(including direction) both inside and outside the shell.

Picture the Problem We can apply Ampere’s law to a circle centered on the axis
of the cylinder and evaluate this expression for r <R and r > R to find B inside
and outside the cylinder. We can use the right-hand rule to determine the

direction of the magnetic fields.

Apply Ampere’s law to a circle
centered on the axis of the
cylinder:

Evaluate this expression for r <R:

Solve for B.

inside

to obtain:

Evaluate this expression for r > R:

Solve for B to obtain:

outside

fcé dl =l
Note that, by symmetry, the field is the
same everywhere on this circle.

§c Einside -di = Hy (O) =0
Binsice = @

§ Bouao -4 =B(27R) = ;]

outside

78|
Boutside = %
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The direction of the magnetic field is in the direction of the curled fingers of your
right hand when you grab the cylinder with your right thumb in the direction of
the current.

46 - In Figure 27-55, one current is 8.0 A into the page, the other current is
8.0 A out of the page, and each curve is a circular path. (a) Find §Cl§ -d? for each

path, assuming that each integral is to be evaluated in the counterclockwise
direction. (b) Which path, if any, can be used to find the combined magnetic field
of these currents?

Picture the Problem We can use Ampere’s law, it;cé dl= ¢, to find the line
integral §Cl§ -d/ for each of the three paths.

() Noting that the angle between B-dl=|—p,(8.0 A)
B and d/is 180°, evaluate “ . .
S The positive tangential direction on C,;
i;B -d/for Cy: ) . )
c 1s counterclockwise. Therefore, in

accord with convention (a right-hand
rule), the positive normal direction for
the flat surface bounded by C; is out of
the page. §Cl;’ -d /s negative because the

current through the surface is in the
negative direction (into the page).

Noting that the net current bounded B-di = m (8.0 A—-80 A) = EI
. g - C,
by C, s zero, evaluate §CB -de:

Noting that the angle between B and B-dl=|+p(80A)
d/is 0°, Evaluate fcl} .d7 for Cs:

(b) None of the paths can be used to find B because the current configuration
does not have cylindrical symmetry, which means that B cannot be factored out
of the integral.

47 e [SSM] Show that a uniform magnetic field that has no fringing field,
such as that shown in Figure 27- 56 is impossible because it violates Ampere’s
law. Do this calculation by applying Ampere’s law to the rectangular curve shown
by the dashed lines.

Determine the Concept The contour integral consists of four portions, two
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horizontal portions for which §CI§ .d? =0, and two vertical portions. The portion

within the magnetic field gives a nonvanishing contribution, whereas the portion
outside the field gives no contribution to the contour integral. Hence, the contour
integral has a finite value. However, it encloses no current; thus, it appears that
Ampere’s law is violated. What this demonstrates is that there must be a fringing
field so that the contour integral does vanish.

48 = A coaxial cable consists of a solid conducting cylinder that has a radius
equal to 1.00 mm and a conducting cylindrical shell that has an inner radius equal
to 2.00 mm and an outer radius equal to 3.00 mm. The solid cylinder carries a
current of 15.0 A parallel to the central axis. The cylindrical shell carries and
current of 15.0 A in the opposite direction. Assume that the current densities are
uniformly distributed in both conductors. (a) Using a spreadsheet program or
graphing calculator, graph the magnitude of the magnetic field as a function of the
radial distance r from the central axis for 0 <R < 3.00 mm. (b) What is the
magnitude of the field for R > 3.00 mm?

Picture the Problem Let r; = 1.00 mm, r, = 2.00 mm, and r; = 3.00 mm and
apply Ampere’s law in each of the three regions to obtain expressions for B in
each part of the coaxial cable and outside the coaxial cable.

(a) Apply Ampere’s law to a circular B (27z r) = 1,
path of radius r < r; to obtain:

Because the current is uniformly I | r
distributed over the cross section Tr* r12 rl2
of the inner wire:

Substitute for I¢ to obtain:
ubstitute for lc to obtain Br<r(272'r):ﬂor_2|
1 rl
Solving for B,_, yields: 2u,l
l r<n, T _2 (1)
dr
Apply Ampére’s law to a circular B i, (27z r) = 1,
path of radius r; <r <r; to obtain:
Solving for B, ., yields: B, = 2,1 1 @)

A r
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Apply Ampeére’s law to a circular B <rer, (27r r) =ul. = ,uo(l - I')
path of radius r, <r <rs to
obtain:

where |’ is the current in the outer
conductor at a distance less than r from
the center of the inner conductor.

Because the current is uniformly I |
distributed over the cross section v —xr}  xrl-rxr}
of the outer conductor:

Solving for | ' yields: ' r’—r; |
2 2
=0

Substitute for | ' to obtain:

2 2
Brz<r<r3 (27[ I’): /uo(l S Ij

2 2
-n

Solving for B, ., yields: 2l [ ri—r?
r<r<ry 1 2 2 (3)
R ¥/ 4 r—r,

A spreadsheet program was used to plot the following graph of equations (1), (2),
and (3).

3.0

2.5 4

20

/ ~

V4 AN
N

B (G)

0.5 4

0.0

0.0 05 10 15 2.0 25 3.0
R (mm)

(b) Apply Ampére’s law to a circular B, (27r r) =l = ,uo(l -1 ): 0
path of radius r > r3 to obtain: and B, = @

49 e [SSM] A long cylindrical shell has an inner radius a and an outer
radius b and carries a current | parallel to the central axis. Assume that within the
material of the shell the current density is uniformly distributed. Find an
expression for the magnitude of the magnetic field for (a) 0 <R <a,
(bya<R<b,and (c) R>D.
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Picture the Problem We can use Ampere’s law to calculate B because of the
high degree of symmetry. The current through C depends on whether R is less
than the inner radius a, greater than the inner radius a but less than the outer
radius b, or greater than the outer radius b.

(a) Apply Ampere’s law to a circular §C B, -d0=pl. =u, (0) =0
path of radius R < a to obtain:
andB,_, = @

(b) Use the uniformity of the current I I
over the cross-section of the E(Rz - az) 7z(b2 - az)
conductor to express the current I’

enclosed by a circular path whose

radius satisfies the condition

a<R<b:
Solving forl. = 1" yields: ' R? —a?

lc=1'=1 Y
Substitute in Ampére’s law to j; B, ., d/=B,__(27R)
obtain: ¢ .

. R*—a
=l =pl 7

Solving for Ba<r<p yields: u,| R* —a?

Ba<r<b =l A 2 P

2 b°—a

(c) Express Ic for R > b: lc =1
Substituting in Ampére’s law yields: i; B, -di=B_, (2mR)=p,|

C
Solve for Bgr>p to obtain: 7N

BR>b =

27R

50 e Figure 27-57 shows a solenoid that has n turns per unit length and
carries a current I. Apply Ampére’s law to the rectangular curve shown in the
figure to derive an expression for the magnitude of the magnetic field. Assume
that inside the solenoid the magnetic field is uniform and parallel with the central
axis, and that outside the solenoid there is no magnetic field.
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Picture the Problem The number of turns enclosed within the rectangular area is
na. Denote the corners of the rectangle, starting in the lower left-hand corner and
proceeding counterclockwise, as 1, 2, 3, and 4. We can apply Ampere’s law to
each side of this rectangle in order to evaluate it;cl} A

—

Express the integral around the . - . .-
P 8 §B-d€= IB-d£+ jB-d€+ IB-(M
152

closed path C as the sum of the
integrals along the sides of the

C
23 354

rectangle: + Iﬁ -dl
41
Evaluate J.E i Ifi .dl =aB
1-2 1-2

For the paths 2 —> 3 and4 — 1, B is

either zero (outside the solenoid) or .[ B-di= J‘ B-dl=0

_ 23 4-1
is perpendicular to d/ and so:

For the path 3 — 4, B =0 and:

[B-di=0
34
Substitute in Ampére’s law to §1§ .d/=aB+0+0+0=aB
obtain: ¢
= Mol = pyhal
Solving for B yields: B=| ynl

51 e [SSM] A tightly wound 1000-turn toroid has an inner radius

1.00 cm and an outer radius 2.00 cm, and carries a current of 1.50 A. The toroid
is centered at the origin with the centers of the individual turns in the z = 0 plane.
In the z = 0 plane: (a) What is the magnetic field strength at a distance of 1.10 cm
from the origin? (b) What is the magnetic field strength at a distance of 1.50 cm
from the origin?

Picture the Problem The magnetic field inside a tightly wound toroid is given by
B = 1,NI/(22r), where a<r<b and aand b are the inner and outer radii of the

toroid.

Express the magnetic field of a B_t NI
toroid: 2ar
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(a) Substitute numerical values and evaluate B(1.10 cm):

(47 %107 N/A?)(1000)(1.50 A)

B(1.10 = =|27.3mT
(1-10¢m) 27(1.10cm) =z
(b) Substitute numerical values and evaluate B(1.50 cm):
-7 2
B{L.50cm) = (47x107 N/A2)(1000)(1.50A) _ oo

27(1.50cm)

52 eee A thin conducting sheet in the z = 0 plane carries current in the —X
direction (Figure 27-88a). The sheet extends indefinitely in all directions and the
current is uniformly distributed throughout the sheet. To find the direction of the
magnetic field at point P consider the field due only to the currents I; and I, in the
two narrow strips shown. The strips are identical, so |, = I,. (a) What is the
direction of the magnetic field at point P due to just |, and 1,? Explain your
answer using a sketch. (b) What is the direction of the magnetic field at point P
due to the entire sheet? Explain your answer. (C) What is the direction of the field
at a point to the right of point P (where y # 0)? Explain your answer. (d) What is
the direction of the field at a point below the sheet (where z < 0)? Explain your
answer using a sketch. (e) Apply Ampere’s law to the rectangular curve (Figure
27-88b) to show that the magnetic field strength at point P is given by B =1 1,4,

where A =dl/dy is the current per unit length along the y axis.

Picture the Problem In Parts (a), (b), and (C) we can use a right-hand rule to
determine the direction of the magnetic field at points above and below the

infinite sheet of current. In Part (d) we can evaluate §Cl§ -d/ around the specified

path and equate it to zlc and solve for B.

(a) Because its vertical components
cancel at P, the magnetic field points
to the right (i.e., in the +y direction).

[X] [X] [X] [X][X] [X]Y
1, I,




(b) The vertical components of the
field cancel in pairs. The magnetic
field is in the +y direction.

(c) The magnetic field is in the +y
direction. This result follows from
the same arguments that were used in

(@) and (b).

(d) Below the sheet the magnetic
field points to the left; i.e., in the —y
direction. The vertical components
cancel in pairs.

(e) Express j;CE -d?, in the

counterclockwise direction, for the
given path:

For the paths perpendicular to the
sheet, B and d/are perpendicular to
each other and:

For the paths parallel to the sheet,
B and d/are in the same direction
and:

Substituting in equation (1) and
simplifying yields:

Solving for B yields:
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XTI I ] X ] [x

P

§C1§-d2=2 [B-di+2[B-di (1)
€

parallel

= —
>°T
o
~
Il
(e

_[E-d?sz

parallel

@-d?:z jB.d2=2Bw

parallel

=l = ,uO(ﬂW)

B=| 344
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Magnetization and Magnetic Susceptibility

53 [SSM] A tightly wound solenoid is 20.0-cm long, has 400 turns, and
carries a current of 4.00 A so that its axial field is in the +z direction. Find B and
B.pp at the center when (@) there is no core in the solenoid, and (b) there is a soft
iron core that has a magnetization of 1.2 x 10° A/m.

Picture the Problem We canuse B =B, = x4l to find B and By, at the center
when there is no core in the solenoid and B =B, + 1M when there is an iron
core with a magnetization M = 1.2 x 10° A/m.

(a) Express the magnetic field, in B=B,, = #nl

the absence of a core, in the

solenoid :

Substitute numerical values and evaluate B and B,pp:

] 400
B=B,, =(47x10” N/Az)(o.zoOmj@'OOA): 10.1mT

(b) With an iron core with a magnetization M = 1.2 x 10° A/m present:

B, =|10.1mT

app

and

B=B,, + M =10.1mT+(47x107 N/A?)(1.2x10° A/m)=[ 1.5T

54 A long tungsten-core solenoid carries a current. (&) If the core is
removed while the current is held constant, does the magnetic field strength in the
region inside the solenoid decrease or increase? (b) By what percentage does the
magnetic field strength in the region inside the solenoid decrease or increase?

Picture the Problem We can use B=B,_ (1+ y,, )to relate B and B, to the

magnetic susceptibility of tungsten. Dividing both sides of this equation by B,

and examining the value of ym twngsten Will allow us to decide whether the field
inside the solenoid decreases or increases when the core is removed.

Express the magnetic field inside the B=B,, (1 + Zm)

solenoid with the tungsten core where B, is the magnetic field in the

resent B in terms of B, and ym: "
P wp Hin: absence of the tungsten core.



Express the ratio of Bto B, :

(a) Because ¥m, wngsten > O:

(b) From equation (1), the fractional
change is:

55 .
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B
— 1+ 1
B Xm (1)

app

B >B,,,and B will decrease when the

tungsten core is removed.

Xm =6.8x107 =1 6.8x107%

As a liquid fills the interior volume of a solenoid that carries a constant

current, the magnetic field inside the solenoid decreases by 0.0040 percent.
Determine the magnetic susceptibility of the liquid.

Picture the Problem We canuse B=B,_ (1+ y, )to relate B and B,,, tothe

magnetic susceptibility of liquid sample.

Express the magnetic field inside the
solenoid with the liquid sample
present B in terms of B, = and

Xm, sample:

The fractional change in the
magnetic field in the core is:

Substitute numerical values and
evaluate K m.sample -

56 -

B = Bapp (1 + Im,sample)

where B,

absence of the liquid sample.

is the magnetic field in the

AB
= Zm, sample
app
X, sample — 4B =-0.0040%
BaPP
=| —4.0x107

A long thin solenoid carrying a current of 10 A has 50 turns per

centimeter of length. What is the magnetic field strength in the region occupied by
the interior of the solenoid when the interior is (a) a vacuum, (b) filled with

aluminum, and (c) filled with silver?

Picture the Problem We canuse B=B, = gl to find B and B, at the center

when there is no core in the solenoid and B =B, (1+ y,, ) when there is an

aluminum or silver core.

(a) Express the magnetic field, in the
absence of a core, in the solenoid:

B =B,, = 4N
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Substitute numerical values and evaluate B and B, :

B=B,, =(4zx10” N/Az)(:—ij(IOA): 63mT

(b) With an aluminum core: B=B,, (1+4,)

Use Table 27-1 to find the value of mom =2.3x107

J¥m for aluminum: and

1+ g a =1+23%x107 ~ 1

Substitute numerical values and evaluate B and B, :

B=B,, =(4zx10” N/Az)(ﬂj(loA)z 63mT
cm
(c) With a silver core: B=B,, (1 +X m)
Use Table 27-1 to find the value of Kmag = —2.6x107
m for silver: and

14 ae =1-2.6x107° ~ 1

Substitute numerical values and evaluate B and B, :

B=B,, =(4zx107 N/AZ)(ﬂj(loAp 63mT

cm

57 e [SSM] A cylinder of iron, initially unmagnetized, is cooled to
4.00 K. What is the magnetization of the cylinder at that temperature due to the
influence of Earth’s magnetic field of 0.300 G? Assume a magnetic moment of
2.00 Bohr magnetons per atom.

Picture the Problem We can use Curie’s law to relate the magnetization M of the
cylinder to its saturation magnetization Ms. The saturation magnetization is the
product of the number of atoms n in the cylinder and the magnetic moment of

. . n .
each molecule. We can find n using the proportion PR where Mg is the

A Fe
molar mass of iron.



Sources of the Magnetic Field 2619

The magnetization of the cylinder is M = 1 4B,

given by Curie’s law: 3 kT °

Assuming a magnetic moment of M = 1 (2-00/13 )BEarth M (1)

2.00 Bohr magnetons per atom: 3 KT s

The saturation magnetization is Mg =nu= n(2.00 ,uB)

given by: where n is the number of atoms and  is

the magnetic moment of each molecule.
The number of atoms of iron per unit _ Pre ~2.00pp N, s,
n=—-=<N,=>M;=—"7"72—"
volume n can be found from the Fe M.
molar mass Mg of iron, the density
pre of iron, and Avogadro’s number
N A

Substitute numerical values and evaluate Mg:

2.00(7.96><103 1‘%)[6.022“023 altomsj(9.27>< 10 A-m?)
m mol
M = Ik
5585 & x &
mol 10° g
~1.591x10° 2

m

Substitute numerical values in equation (1) and evaluate M:

2.00(5.788 %107 eVJ(osoo Gx LT J
M T (

1.591x10° é) = 5.34é
m

3(8.617><10‘5 2’)(4.00 K)

58 e A cylinder of silver at a temperature of 77 K has a magnetization equal
to 0.075% of its saturation magnetization. Assume a magnetic moment of one
Bohr magneton per atom. The density of silver is 1.05 x 10" kg/m’. (a) What
value of applied magnetic field parallel to the central axis of the cylinder is
required to reach this magnetization? (b) What is the magnetic field strength at
the center of the cylinder?

Picture the Problem We can use Curie’s law to relate the magnetization M of the
cylinder to its saturation magnetization Mg. The saturation magnetization is the
product of the number of atoms n in the cylinder and the magnetic moment of
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pAg

each atom. We can find n using the proportion N
A Ag

molar mass of silver. In Part (b), we can use Equation 27-22 to find the magnetic

field at the center of the cylinder, on the axis defined by the magnetic field.

where My, is the

(a) The magnetization of the cylinder M=) 1B,
is given by Curie’s law: 3 kT S
Assuming a magnetic moment of (,uB )Bapp KT ( M
. M=——"M=B,_ = —
1Bohr magnetons per atom: 3kT ™ | My
Substitute numerical values and evaluate B, :
3(8.617 x107° 2’)(77 K)
B,y = (0.00075)=| 0.26 T
s eV
5.788x107 —
(b) The magnetic field at the center B=B,, + #Mq (1)
of the cylinder on the axis defined by
the magnetic field is:
The saturation magnetization is Mg =nu= n(,uB)
given by: where n is the number of atoms and  is

the magnetic moment of each molecule.

The number of atoms of silver per Pag
unit volume n can be found from the

molar mass My, of silver, the density

Pag of silver, and Avogadro’s

number Ny:

N
NAjMS:M

Ag Ag

Substitute numerical values and evaluate Mg:

(10.5><103 ng(aozleo” atomsj(9.27x10-24 A-m?)
m

mol A

=5.434x10°—

107.870 & x 1 K& m
mol 10° g

M =
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Substitute numerical values in equation (1) and evaluate B:

B=0.26T+(47x107 T-A)[5.434x105 é} =[0.94T
m

59 e During a solid-state physics lab, you are handed a cylindrically shaped
sample of unknown magnetic material. You and your lab partners place the
sample in a long solenoid that has n turns per unit length and a current I. The
values for magnetic field B within the material versus nl, where B, is the field

due to the current | and K, is the relative permeability of the sample, are given
below. Use these values to plot B versus Bapp and K, versus nl.

nl,b,A/m | 0| 50 | 100 | 150 | 200 | 500 | 1000 | 10 000
B, T [0]0.04]067]100|12]14] 16 1.7

Picture the Problem We can use the data in the table and B,/ = #nl to plot B
versus B o - We can find K, usingB =K _B

a m —app *

We can find the applied field B, B.op = 4Nl

for a long solenoid using:

K. can be found from Bapp and B B

using: Bap

The following graph was plotted using a spreadsheet program. The abscissa
values for the graph were obtained by multiplying nl by 4. B initially rises
rapidly, and then becomes nearly flat. This is characteristic of a ferromagnetic
material.

2.0

1.6 4

1.2 4

B (T)
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The following graph of K, versus nl was also plotted using a spreadsheet
program. Note that K, becomes quite large for small values of nl but then
diminishes. A more revealing graph would be to plot B/(nl), which would be quite
large for small values of nl and then drop to nearly zero at nl = 10,000 A/m,
corresponding to saturation of the magnetization.

6000
5000
4000 -
o 3000
2000 -
1000 —
\
T \
0 E—
0 2000 4000 6000 8000 10000
nl (A/m)

Atomic Magnetic Moments

60 e Nickel has a density of 8.70 g/cm® and a molar mass of 58.7 g/mol.
Nickel’s saturation magnetization is 0.610 T. Calculate the magnetic moment of a
nickel atom in Bohr magnetons.

Picture the Problem We can find the magnetic moment of a nickel atom x from
its relationship to the saturation magnetization Mg using Mg = ng where n is the

number of molecules per unit volume. n, in turn, can be found from Avogadro’s

. . . : N
number, the density of nickel, and its molar mass using n = l\‘j[p .
. . M
Express the saturation magnetic field M =np=pu=-"s
in terms of the number of molecules n

per unit volume and the magnetic
moment of each molecule:

Express the number of molecules per
unit volume in terms of Avogadro’s M
number N4, the molecular mass M,

and the density p:
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Substitute for n in the equation 1= My _ 4My _ 4y MM
for y and simplify to obtain: N.p NP N, p
M M

Substitute numerical values and evaluate z:

~ (0.610T)(58.7x10~* kg/mol)
#= (47: x107 N/A? )(6.022 x10% atoms/mol)(8.70 g/cm’

)=5.439x10-24A-m2

Divide by p; =9.27x107* A-m® U 5.439x107* A-m’ 0587
to obtain: Uy 9.27x107* A-m® .
oru=|0.587uy

61 e Repeat Problem 60 for cobalt, which has a density of 8.90 g/cm’, a
molar mass of 58.9 g/mol, and a saturation magnetization of 1.79 T.

Picture the Problem We can find the magnetic moment of a cobalt atom x from
its relationship to the saturation magnetization Mg using Mg = ng, where n is the

number of molecules per unit volume. n, in turn, can be found from Avogadro’s

. . . N
number, the density of cobalt, and its molar mass using n = AP

Express the saturation magnetic field M. = My
; s=u=pu=—>=
in terms of the number of molecules n
per unit volume and the magnetic

moment of each molecule:

Express the number of molecules
per unit volume in terms of M
Avogadro’s number Np, the

molar mass M, and the density p:

Substitute for n in the equation for x _ Mg _ KoM _ HMM
and simplify to obtain: Nyooo o Nup N, p
M M

Substitute numerical values and evaluate u:

B (1.79T)(58.9x10" kg/mol)
"

=1.57x107 A-m’
4z x107 N/A? )(6.022 x10% atoms/mol)(8.90 g/cm’ )
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Divide uby g, =9.27x107* A-m” M 157x1077 A-m’ _1.69
to obtain: ty  927x107*A-m’>

or u=|1.69u,
Paramagnetism

62 o Show that Curie’s law predicts that the magnetic susceptibility of a
paramagnetic substance is given by y,, = My/3KT.

Picture the Problem We can show that y, = 1My/3KT by equating Curie’s law

app

and the equation that defines yn (M =y,

) and solving for yp.
0

Express Curie’s law: M = l ,UBapp M
3 kT °

where Mg is the saturation value.

Express the magnetization of the
substance in terms of its yon
magnetic susceptibility ym:

Equate these expressions to obtain: wp _ 1 1B,
"y 3 kT °
and
In LB o | HuM
M, 3KT 3KT

63 e« Inasimple model of paramagnetism, we can consider that some
fraction f of the molecules have their magnetic moments aligned with the external
magnetic field and that the rest of the molecules are randomly oriented and
therefore do not contribute to the magnetic field. (a) Use this model and Curie’s
law to show that at temperature T and external magnetic field B, the fraction of
aligned molecules f is given by #B/(3kT). (b) Calculate this fraction for a sample
temperature of 300 K, an external field of 1.00 T. Assume that x has a value of
1.00 Bohr magneton.

Picture the Problem We can use the assumption that M = fM and Curie’s law

to solve these equations simultaneously for the fraction f of the molecules have
their magnetic moments aligned with the external magnetic field.
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(a) Assume that some fraction f of M = fMq
the molecules have their magnetic

moments aligned with the external

magnetic field and that the rest of the

molecules are randomly oriented and

so do not contribute to the magnetic

field:
From Curie’s law we have: M — 1 LB,
3 kT °
Equating th i ields: B
quating these expressions yields M, = 1 4B, M= f = uB
3 kT 3KT

because B given in the problem

statement is the external magnetic field
B

app *

(b) Substitute numerical values and f (9.27 x107*A-m’ )(l .00 T)
evaluate f: 3(1.381x107% J/K )(300K )

=|7.46x107*

64 e Assume that the magnetic moment of an aluminum atom is 1.00 Bohr
magneton. The density of aluminum is 2.70 g/cm’ and its molar mass is 27.0
g/mol. (a) Calculate the value of the saturation magnetization and the saturation
magnetic field for aluminum. (b) Use the result of Problem 62 to calculate the
magnetic susceptibility at 300 K. (c) Explain why the result for Part (b) is larger
than the value listed in Table 27-1.

Picture the Problem In (a) we can express the saturation magnetic field in terms
of the number of molecules per unit volume and the magnetic moment of each
molecule and use n=N,p/Mto express the number of molecules per unit
volume in terms of Avogadro’s number N,, the molecular mass M, and the
density p. We can use y,, = 4,4M/3KT from Problem 86 to calculate yi.

(a) Express the saturation magnetic Mg =Ny,
field in terms of the number of

molecules per unit volume and the

magnetic moment of each molecule:
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Express the number of molecules per = N,p
unit volume in terms of Avogadro’s M
number N4, the molecular mass M,
and the density p:
Substitute for n to obtain: M. = N,p
s M Hy

Substitute numerical values and evaluate Mg:

v - (6:022x10” atoms/mol)(2.70x10° ke/m” )(9.27x10™ A-m’)
. 27.0g/mol

=5.582x10° A/m=| 5.58x10° A/m

and

By = oM = (47107 N/A?)(5.582x10° A/m)=[ 0.702T

(b) From Problem 62 we have: _ HopM
" 3kT

Substitute numerical values and evaluate yp:

_ ([47x107 N/A?)9.27x10* A -m?)(5.582x10° A/m)

=|5.23x107"
3(1.381x107 J/K J(300K) .

Am

(c) In calculating y, in Part (b) we neglected any diamagnetic effects.

65 e [SSM] A toroid has N turns, carries a current |, has a mean radius R,
and has a cross-sectional radius r, where r << R (Figure 27-59). When the toroid
is filled with material, it is called a Rowland ring. Find B, and B in such a ring,

assuming a magnetization that is everywhere parallel to l;’app.
N

. I
Picture the Problem We can use B =-—"—to express B, and

B=B,, t4M toexpress B in terms of B, = and M.

Express B, inside a tightly wound B - NI forR—r<a<R-+r

PP 2na

toroid:
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The resultant field B in the ring is
the sum of Bapp and M:

1o NI
B=B,, +#,M = 207za + M

66 e+ A toroid is filled with liquid oxygen that has a magnetic susceptibility
of 4.00 x 107. The toroid has 2000 turns and carries a current of 15.0 A. Its mean
radius is 20.0 cm, and the radius of its cross section is 8.00 mm. (a) What is the
magnetization? (b) What is the magnetic field? (c) What is the percentage change
in magnetic field produced by the liquid oxygen?

Picture the Problem We can find the magnetization using M = y, B, / M, and
the magnetic field usingB =B, (1 + ;{m).

(a) The magnetization M in terms of

= __app.
xmand B, is given by: M =Zn 1y
Express B, inside a tightly wound B NI
toroid: 2
Substitute for B, to obtain: NI

M=y 2 e _ : NI
/u0 27zrmean

Substitute numerical values and M = (4.00 x107 )(2000)(15 .OA)
evaluate M: B 27(0.200m)

=| 95.5A/m
(b) Express B in terms of B, and B=B,, (1+2..)
Hm:
Substitute for B, to obtain: B 2,u0 NI (1+2.)

8

Substitute numerical values and evaluate B:

5 (47x107 N/A?)(2000)(15.0A)

(1+4.00x107)=[ 30.1mT
27(0.200m)
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(c) Express the fractional increase in AB _B-B,,
B produced by the liquid oxygen: B B
— Bapp(1 + Zm)_ Bapp _ ZmBapp
B B
w1
1+ Zm L 1
Xm
Substitute numerical values and AB _ 1 —3.98x10"
evaluate AB/B: B 1
4.00x10
=| 0.398%

67 e The centers of the turns of a toroid form a circle with a radius of

14.0 cm. The cross-sectional area of each turn is 3.00 cm?. It is wound with 5278
turns of fine wire, and the wire carries a current of 4.00 A. The core is filled with
a paramagnetic material of magnetic susceptibility 2.90 x 10™*. (a) What is the
magnitude of the magnetic field within the substance? (b) What is the magnitude
of the magnetization? (C) What would the magnitude of the magnetic field be if
there were no paramagnetic core present?

NI
Picture the Problem We canuse B=B_ (1 + ;(m)and By = £ to find B

2

mean

B
within the substance and M = y,_ —* to find the magnitude of the

Ho
magnetization.
(a) Express the magnetic field B B=B,, (1 + Zm)
within the substance in terms of
B, and m:
Express B, inside the toroid: B _ t NI

b 27zrmean

Substitute to obtain: B - “o NI(1+ 2, )

mean
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Substitute numerical values and evaluate B:

B=

(47 %107 N/A?)(5278)(4.00 A)(1+2.90x10*) _

272(14.0 cm)

(b) Express the magnetization M in

terms of y, and Bapp :

Substitute for B, and simplify to

obtain:

Substitute numerical values and
evaluate M:

(c) If there were no paramagnetic
core present:

Ferromagnetism

=[302mT
M=y —o
"
M 2 NI
2ﬂrmcan

v  (290x107)(5278)(4.00A)

272(14.0 cm)
=[6.96A/m

B=B, =|302mT

68 - For annealed iron, the relative permeability K, has its maximum value
of approximately 5500 at B, , =1.57 x 10~ T. Find the magnitude of the

magnetization and magnetic field in annealed iron when K, is maximum.

Picture the Problem We canuse B=K_B__ tofind Band M = (Km —1) S / M

to find M.

Express B in terms of M and K,

Substitute numerical values and
evaluate B:

Relate Mto K and B, :

Substitute numerical values and
evaluate M:

m —app

B =(5500)(1.57x10*T)=[ 0.86 T

M :(Km _1) Bapp ~ KmBapp
Ho Hy

(5500)(1.57x10T)
47x107 N/A?

6.9x10° A/m
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69 oo [SSM] The saturation magnetization for annealed iron occurs when
B,,, = 0201 T. Find the permeability and the relative permeability of annealed

iron at saturation. (See Table 27-2)

Picture the Problem We can relate the permeability x of annealed iron to ym

app

using p=(1+ g, )ity , find g using M = , and use its definition

Hy

(K, =1+ y,) to evaluate K,
Express the permeability u of M= (1 + 70 ),u0 (1)
annealed iron in terms of its
magnetic susceptibility ym:
The magnetization M in terms of yn Baop
and B__ is given by: M= Zn

app g ve Y- IUO
Solve for and evaluate y, (see 4 = uM _ 2.16T _ 1075
Table 27-2 for the product of s " B, 0201T

and M):

Use its definition to express and

K, =l+y, =1+10.75=11.746

evaluate the relative permeability
Km:

=|11.7

(1+10.746)(47x 107 N/A?)
=| 1.48x107 N/A®

Substitute numerical values in
equation (1) and evaluate s

=
Il

70 e The coercive force (which is a misnomer because it is really a
magnetic field value) is defined as the applied magnetic field needed to bring the
magnetic field back to zero along the hysteresis curve (which is point ¢ in Figure
27- 38). For a certain permanent bar magnet, the coercive force is known to be
5.53 x 102 T. The bar magnet is to be demagnetized by placing it inside a
15.0-cm-long solenoid that has 600 turns. What minimum current is needed in the
solenoid to demagnetize the magnet?

Picture the Problem We can use the relationship between the magnetic field on
the axis of a solenoid and the current in the solenoid to find the minimum current
is needed in the solenoid to demagnetize the magnet.
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Relate the magnetic field on the axis

B, = syl = | =2

of a solenoid to the current in the N
solenoid:
Let Bapp = B, to obtain: | = Bapp

Hon
Substitute numerical values and | _ 5.53x107°T
evaluate I: B

(4zx107 N/A2) %0

0.150m
=111.0A

71 e» A long thin solenoid has 50 turns/cm and carries a current of 2.00 A.
The solenoid is filled with iron and the magnetic field is measured to be 1.72 T.
(a) Neglecting end effects, what is the magnitude of the applied magnetic field?
(b) What is the magnetization? (C) What is the relative permeability?

Picture the Problem We can use the equation describing the magnetic field on
the axis of a solenoid, as a function of the current in the solenoid, to find Bapp.

We can then use B = Bapp + 4,M to find M and B =K _B_ to evaluate Ky,

m —app

(a) Relate the magnetic field on B, = y,nl
the axis of a solenoid to the
current in the solenoid:

Substitute numerical values and B = (472 x107 N/A® )(50 cm™ )(2.00 A)
evaluate B, : _[T2.6mT
b) Relate MtoB and B__: B-B
(®) app B=Bapp+,u0M =M= P
Hoy
Substitute numerical values and M — 1.72T-12.6mT
evaluate M: 47 %1077 N/A*?

=11.36x10° A/m

(;) E.xpress B in terms of K., and B=K,B,,=K, = B

app * app



2632 Chapter 27

Substitute numerical values and K 1.72T

n = =137
evaluate K,: 12.6mT

72 e»  When the current in Problem 71 is 0.200 A, the magnetic field is
measured to be 1.58 T. (a) Neglecting end effects, what is the applied magnetic
field? (b) What is the magnetization? (C) What is the relative permeability?

Picture the Problem We can use the equation describing the magnetic field on
the axis of a solenoid, as a function of the current in the solenoid, to find S

We can thenuse B =B, + M to find M and B = K B, to evaluate Kp.

(a) Relate the magnetic field on the B, = x,nl
axis of the solenoid to the current in
the solenoid:

Substitute numerical values and evaluate B, :

B, = (4;; X107 %)(SOcm_l )(0.2004)=1.257mT =[ 1.26mT

b) Relate MtoB and B__: B-B
®) o B=B,,+#M=M = -
Hy
Substitute numerical values and M — 1.58T —-1.257mT
evaluate M: 47x107 N/A?

=[1.26x10° A/m

(c) Express B in terms of K, and B_K B —K - B
B . m ~app m

app app
Substitute numerical values and - 1.58T _126x10°
evaluate K,,: 1.257mT

73 e |[SSM] A toroid has N turns, carries a current |, has a mean radius R,
and has a cross-sectional radius r, where r << R (Figure 27-53). The core of the
toroid of is filled with iron. When the current is 10.0 A, the magnetic field in the
region where the iron is has a magnitude of 1.80 T. (a) What is the
magnetization? (b) Find the values for the relative permeability, the permeability,
and magnetic susceptibility for this iron sample.
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Picture the Problem We can use B =B, + /M and the expression for the

magnetic field inside a tightly wound toroid to find the magnetization M. We can
find K, from its definition, u# = K_ g, to find g, and K =1+ y, to find ym for the

iron sample.

(a) Relate the magnetization to B
and B, :

Express the magnetic field inside
a tightly wound toroid:

Substitute for B, & and simplify to

obtain:

Substitute numerical values and
evaluate M:

(b) Use its definition to express Ky,:

Substitute numerical values and
evaluate K,:

Now that we know K, we can find
using:

Relate y, to Kp:

Substitute the numerical value of
Km and evaluate p:

T4 e

B-B,,
B=B,, tyM=>M=——"
Hy
1, NI
=
_ #NI
Moo 2w B NI
) Hy 270
_ 1.80T  2000(10.0A)
47x107 N/A*  27(0.200m)

={1.42x10° A/m

B B 2B
" Bapp 'uONI luONI
2ar

~ 27(0.200m)(1.80T)
" (47x107 N/A?)(2000)(10.0A)

=190.0

1=K, g1, =90(47x107 N/A?)
=|1.13x107* T-m/A

K,=1+y.=2 71, =K, -1

2 =90—1=[89

The centers of the turns of a toroid form a circle with a radius of

14.0 cm. The cross-sectional area of each turn is 3.00 cm?. It is wound with 5278
turns of fine wire, and the wire carries a current of 0.200 A. The core is filled
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with soft iron, which has a relative permeability of 500. What is the magnetic
field strength in the core?

Picture the Problem We can substitute the expression for applied magnetic field
_Ho

( app

2::" ) in the defining equation for Kn (B = KB, ) to obtain an

expression for the magnetic field B in the toroid.

Relate the magnetic field in the B=K.B,,
toroid to the relative permeability

of its core:

Express the applied magnetic B -t NI
field in the toroid in terms of the P2

current in its winding:

Substitute for B, to obtain: B K, NI

Substitute numerical values and evaluate B:

_500(47x107 N/A* )(5278)(0.200A)

B
27(14.0 cm)

=1 0.754T

75 eee A long straight wire that has a radius of 1.00 mm is coated with an
insulating ferromagnetic material that has a thickness of 3.00 mm and a relative
magnetic permeability of 400. The coated wire is in air and the wire itself is
nonmagnetic. The wire carries a current of 40.0 A. (&) Find the magnetic field in
the region occupied by the inside of the wire as a function of the perpendicular
distance, r, from the central axis of the wire. (b) Find the magnetic field in the
region occupied by the inside of the ferromagnetic material as a function of the
perpendicular distance, r, from the central axis of the wire. (C) Find the magnetic
field in the region surrounding the wire and coating as a function of the
perpendicular distance, r, from the central axis of the wire. (d)What must the
magnitudes and directions of the Amperian currents be on the surfaces of the
ferromagnetic material to account for the magnetic fields observed?

Picture the Problem We can use Ampere’s law to obtain expressions for the
magnetic field inside the wire, inside the ferromagnetic material, and in the region
surrounding the wire and coating.



(a) Apply Ampeére’s law to a circle
of radius r < 1.00 mm and concentric
with the center of the wire:

Assuming that the current is
distributed uniformly over the cross-
sectional area of the wire (uniform
current density), express lc in terms
of the total current I:

Substitute for I¢ in equation (1)
to obtain:

Substitute numerical values and
evaluate B:

(b) Relate the magnetic field inside
the ferromagnetic material to the
magnetic field due to the current in
the wire:

Apply Ampere's law to a circle of
radius 1.00 mm <r <4.00 mm and
concentric with the center of the
wire:

Solving for B, yields:

Substitute for B in equation (1) to

obtain:

Substitute numerical values and
evaluate B:
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@-d% = B(27r) = 4,1 (1)
I I r
R TR

2
B(2ar)= ol g ol

R? 27R?

5 [4rx107 N/Az)(420.OA) r
272(1.00mm)

(8.00T/m)r

B=K B (1)

m T app

de = Bapp(zm):/uOIC :luOI

_ Ml

app 2 ar

B — Kmll’lol

2ar

_ 400(47x107 N/A?)(40.0A)
2nr

B

= (3.20><10‘3T-m)%
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(c) Apply Ampére’s law to a circle §1§ -d0 =B(2ar) = ) = 1,
. C

of radius r > 4.00 mm and

concentric with the center of the

wire:
Solving for B yields: B Ayl
2ar
Substitute numerical values and B (47[ x107" N/A? )(40.0 A)
evaluate B: B 2ar

=| (8.00x10° Tm)%

(d) Note that the field in the ferromagnetic region is that which would be
produced in a nonmagnetic region by a current of 4001 = 1600 A. The ampeérian
current on the inside of the surface of the ferromagnetic material must therefore
be (1600 — 40) A = 1560 A in the direction of I. On the outside surface there must
then be an ampérian current of 1560 A in the opposite direction.

General Problems

76 Find the magnetic field at point P in Figure 27-60.

Picture the Problem Because point P is on the line connecting the straight
segments of the conductor, these segments do not contribute to the magnetic field
at P. Hence, we can use the expression for the magnetic field at the center of a
current loop to find Bp.

Express the magnetic field at the B M

center of a current loop: 2R
where R is the radius of the loop.

Express the magnetic field at the go LAl _ !

center of half a current loop: 22R 4R

Substitute numerical values and B_ (47r x107 N/A* )(1 5 A)
evaluate B: - 4(0.20m)

24 4T out of the page
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77 e [SSM] Using Figure 27-61, find the magnetic field (in terms of the
parameters given in the figure) at point P, the common center of the two arcs.

Picture the Problem Let out of the page be the positive x direction. Because
point P is on the line connecting the straight segments of the conductor, these
segments do not contribute to the magnetic field at P. Hence, the resultant
magnetic field at P will be the sum of the magnetic fields due to the current in the
two semicircles, and we can use the expression for the magnetic field at the center
of a current loop to find BP .

—

Express the resultant magnetic field EP =B, + Bz (1)
at P:

Express the magnetic field at the B — Myl

center of a current loop: 2R

where R is the radius of the loop.

Express the magnetic field at the g_ LAl _ml
center of half a current loop: 22R 4R
Express Eland BZ: B :/U_o|lf and B =_ﬂo| ;

' 4R * 4R,
Substitute in equation (1) to obtain: B - Myl P i ;

" 4R 4R,

| .
L i out of the page
4 (R, R,

T8 oo A wire of length 7, is wound into a circular coil of N turns, and carries
a current |. Show that the magnetic field strength in the region occupied by the

center of the coil is given by z,7N*| / L.

Picture the Problem We can express the magnetic field strength B as a function

of N, I, and R using B = ’u;—:;” and eliminate R by relating ¢ to R.

Express the magnetic field at the B_ NI
center of a coil of N turns and radius 2R
R:
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Relate ¢ to the number of turns N: /=2RN =R = 14

Substitute for R in the expression for gt NI | goaN o
B and simplify to obtain: () ¢
2 N
(ZﬂN j

79 e A very long wire carrying a current | is bent into the shape shown in
Figure 27-62. Find the magnetic field at point P.

Picture the Problem The magnetic field at P (which is out of the page) is the
sum of the magnetic fields due to the three parts of the wire. Let the numerals 1,
2, and 3 denote the left-hand, center (short), and right-hand wires. We can then
use the expression for B due to a straight wire segment to find each of these fields
and their sum.

Express the resultant magnetic field B, =B, +B,+B,

at point P:

Because B; = Bs: B, =2B,+B, (1)
Exprgss the'magnetlc field due to Bt L(sin 0, +sin 92)

a straight wire segment: 4rx

For wires 1 and 3 (the long wires), B - M 1 (5in90° + sin 45°)
6, =90° and & = 45°: 4 a

_ M) 1+Lj

C4ra V2

For wire 2, 6, = 6, = 45°: B, = f—ol(sin45°+sin 45°)
T a

M2
4 a \/E
Substitute for B; and B, in equation (1) and simplify to obtain:
y7o 1 Mo 1 2 y7A 1 1
B, =2 ——|1l+—=||+——| = |=—"7"—| 1+ =+—=
P {47ra[ \/EH 47ra[\/5 2w a J2 2

= ﬂl(l + \/E)out of the page
27 a
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80 = A power cable carrying 50 A is 2.0 m below Earth’s surface, but the
cable’s direction and precise position are unknown. Explain how you could locate
the cable using a compass. Assume that you are at the equator, where Earth’s
magnetic field is horizontal and 0.700 G due north.

Picture the Problem Depending on the direction of the wire, the magnetic field
due to its current (provided this field is a large enough fraction of Earth’s
magnetic field) will either add to or subtract from Earth’s field and moving the
compass over the ground in the vicinity of the wire will indicate the direction of
the current.

Apply Ampére’s law to a circle of i;f; .d¢ =B, (272r)= 1. = 1,
radius r and concentric with the ¢
center of the wire:

Solve for B to obtain: B - 1
WIre 2ﬂ‘r
Substitute numerical values and B - (47z x107 N/A*)(50A)
evaluate Bwire : wire 27[(20 m)
=0.0500G

Express the ratio of B, to By _ 0.05G _ iy

—_— = = [7
BEanh : BEarth 0.7G

Thus, the field of the current-carrying
wire should be detectable with a good
compass.

If the cable runs in a direction other than east-west, its magnetic field is in a
direction different than that of Earth’s, and by moving the compass about one
should observe a change in the direction of the compass needle.

If the cable runs east-west, its magnetic field is in the north-south direction and
thus either adds to or subtracts from Earth’s field, depending on the current
direction and location of the compass. If the magnetic field is toward the north,
the two fields add and the resultant field is stronger. If perturbed, the compass
needle will oscillate about its equilibrium position. The stronger the field, the
higher the frequency of oscillation. By moving from place to place and
systematically perturbing the needle one should be able to detect a change
frequency, and thus a change in magnetic field strength.
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81 e [SSM] A long straight wire carries a current of 20.0 A, as shown in
Figure 27-63. A rectangular coil that has two sides parallel to the straight wire has
sides that are 5.00-cm long and 10.0-cm long. The side nearest to the wire is 2.00
cm from the wire. The coil carries a current of 5.00 A. (2) Find the force on each
segment of the rectangular coil due to the current in the long straight wire.

(b) What is the net force on the coil?

Picture the Problem Let |, and |, represent the currents of 20 A and 5.0 A, Ftop,
F, and F

bottom 2 right side

F

efiside » the forces that act on the horizontal wire, and El,

B,, B,, and B, the magnetic fields at these wire segments due to 1;. We’ll need

to take into account the fact that El and B, are not constant over the segments 1

and 3 of the rectangular coil. Let the +X direction be to the right and the +y
direction be upward. Then the +z direction is toward you (i.e., out of the page).

Note that only the components of Bl, Ez , B,, and 34 into or out of the page

contribute to the forces acting on the rectangular coil. The +x and +y directions
are up the page and to the right.

(a) Express the force dlf1 acting on a dF,_ =1,d/xB,
current element |,d/ in the top

segment of wire:

Because 1,d7 = 1,d¢(—i ) in this = 2\ | ;
2 2 ( ) F, = Izdﬂ(—t)x%(—k)
segment of the coil and the 2
magnetic field due to |, is given by _ Ml % A
ol ( » 2
=——\-k):
2 % ( )
Integrate dF,, to obtain: AN 7'(]»“‘“ des
o 27[ 2.0cm E J
:_,uolllz In 7.0cm j
2r 2.0cm

Substitute numerical values and evaluate Eop :

(47” 107 NQJ (20A)5.0A)

= A 7.0cm 4 - ~
F_=- In = —12.5x107° N)j
op 27 (2.0 cm}l ( )J
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Express the force dF,_, . acting on dF,,.. =1,d/xB,
a current element |,d/ in the
horizontal segment of wire at the
bottom of the coil:
yl 2 . . - . I .
Because 1,d/ Iz‘dﬁ(z) in this dF, = 1,dei x ol (—k)
segment of the coil and the %
magnetic field due to |, is given by _ Holi 1, de }
- I ( ~ 2 /
B, — (—k): d
2r
Integrate dF,, . to obtain: . ol 1, T de
deottom =5 j- —J
272- 2.0cm E
1 : A
_ Holils ln(7 Ocmjj
2 2.0cm

Substitute numerical values and evaluate F

bottom *

} (4;; x107 ;] (20A)5.0A)
Fbottom = 2
T

2.0cm

1n(7'ocmj} = (2.5x107° N)j

Express the forces f’leftside and f’leﬂside =1,/,xB,
Fright 4o In terms of I, and BZ and and
B4: Frightside = |2€4XB4
Express B, and B, : = My 21~ —~ i, 21~
p 2 4 B =—"""1k and B, =-—2"1f
? 4z R, ! 4r R,

Substitute for Bz and l§4 to obtain:

2 sl Mo 20 2 sl s
Flcftsidc :_|2€21X[——0_1kJ :Ml
1
and

F

right side =
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Substitute numerical values and evaluate F, . and Fright wde -

. (47 %107 N/A?)(0.100m)(20.0A)(5.00 A)

F. .. = i =|(1.0x10* N)i
left side 272_(00200m) l ( X )l
and
-7 2
e (47 %10 N/Az)(O.IOOm)(Z0.0A)(S.OOA)l¢ _[Co29x10- N
7(0.0700m)
(b) Express the net force acting on Fnet = ﬁmp + F‘leﬂ wae + ﬁbmmm + ﬁright side
the coil:

Substitute for F_, F,;...» Fyom»and F.

top ? right side and s1mp11fy to obtain:

~
.

F, =(-25x10° N)j+(1.0x107 N)i +(2.5x107° N)j+(~0.29x10™* N)i
=[ (0.71x10* N)i

82 e The closed loop shown in Figure 27-64 carries a current of 8.0 A in the
counterclockwise direction. The radius of the outer arc is 0.60 m and that of the
inner arc is 0.40 m. Find the magnetic field at point P.

Picture the Problem Let out of the page be the positive X direction and the
numerals 40 and 60 refer to the circular arcs whose radii are 40 cm and 60 cm.
Because point P is on the line connecting the straight segments of the conductor,
these segments do not contribute to the magnetic field at P. Hence the resultant
magnetic field at P will be the sum of the magnetic fields due to the current in the
two circular arcs and we can use the expression for the magnetic field at the
center of a current loop to find B, .

Express the resultant magnetic field B.=B, +B, (1)
at P:

Express the magnetic field at the g ol

center of a current loop: 2R

where R is the radius of the loop.

Express the magnetic field at the B 1l ol

center of one-sixth of a current loop: 6 2R 12R
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Express B, and B,,: B Mol 2 and B | ;

1 =
Y 12R,, “12R,,

7 12R, 12R,
L S N
12 Ry Ry

Substitute numerical values and evaluate B, :

Substitute for B, and By, in B —— Ho] i ]

equation (1) and simplify to obtain:

5 _rx107NAY)gOA) 11
P 12 0.60m 0.40m

Ji =(-0.70 uT)i

or

B, =| 0.704T into the page

2643

83 e A closed circuit consists of two semicircles of radii 40 cm and 20 cm
that are connected by straight segments, as shown in Figure 27-65. A current of
3.0 A exists in this circuit and has a clockwise direction. Find the magnetic field

at point P.

Picture the Problem Let the +X direction be into the page and the numerals 20
and 40 refer to the circular arcs whose radii are 20 cm and 40 cm. Because point P
is on the line connecting the straight segments of the conductor, these segments
do not contribute to the magnetic field at P and the resultant field at P is the sum

of the fields due to the two semicircular current loops.

Express the resultant magnetic EP =B, + B 10 (1)
field at P:

Express the magnetic field at the B = Myl

center of a circular current loop: 2R

where R is the radius of the loop.

Express the magnetic field at the go LAl _ !

center of half a circular current 22R 4R

loop:

Express B, and B,,: Bzo _ Ml Jand 340 _ Ml i

4R,, 4R,
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Substitute for B, and B,,in 7 B I
20 4 B, ="——i+-"——i
4R, 4R,,

:ﬂ_o'LL+LJ;
4 RZO R40

Substitute numerical values and evaluate Bp:

equation (1) and simplify to obtain:

(7.147)i

B =(4ﬂx10_7N/A2)(3~0A) S S
p 2 020m  0.40m

or

B, =| 7.14T into the page

84 e A very long straight wire carries a current of 20.0 A. An electron
outside the wire is 1.00 cm from the central axis of the wire is moving with a
speed of 5.00 x 10° m/s. Find the force on the electron when it moves (a) directly
away from the wire, (D) parallel to the wire in the direction of the current, and

(c) perpendicular to the central axis of wire and tangent to a circle that is coaxial
with the wire.

Picture the Problem Chose the coordinate system shown to the right. Then the
current is in the +z direction. Assume that the electron is at (1.00 cm, 0, 0). We
can use F = qv x Bto relate the magnetic force on the electron to v and B and

B Hy 2

([ . .
=-—L—j to express the magnetic field at the location of the electron. We’ll
T r

need to express v for each of the three situations described in the problem in order
to evaluate F = qv x B.
\ | ¥, em

—
=l

Express the magnetic force acting on F=qixB
the electron:
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Express the magnetic field due to Bt 21
the current in the wire as a function dc r
of distance from the wire:

Substitute for B and simplifying F =qvx Hy 21 j= 2qu,! (‘7 y }) (1)
yields: Az r 47r
(a) Express the velocity of the V=vi

electron when it moves directly
away from the wire:

Substitute for v in equation (1) and Fe 20| ( 3 }): 2q'u0|V]2
simplify to obtain: 4nr 4nr

Substitute numerical values and evaluate F :

7 27x107 N/A®)(-1.602x107 C)f5.00x10° m/s)(20.0 A)k

47(0.0100m)
= (-3.20x10" N)&
and
F =] 3.20x107"° N into the page
(b) Express v when the electron is v =vk

traveling parallel to the wire in the
direction of the current:

Substitute in equation (1) to obtain: Fo 2qu,! (vl€ » J”): _2qu, |Vl¢

Substitute numerical values and evaluate F :

2(47x107 N/A? J(-1.602x10™" C)(5.00x10° m/s)(20.0A)i
472(0.0100m)

Fe-

= (3.20x10"* N)i

and

F =|3.20x107"° N toward the right
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>

(c) Express v when the electron is

v =V
traveling perpendicular to the wire
and tangent to a circle around the
wire:
. ~. . ooqul (.
S.ubst?tute for v .1n equation (1) and Fe i, (Vj o j)z @
simplify to obtain: 4nr

85 e A current of 5.00 A is uniformly distributed over the cross section of a
long straight wire of radius R, = 2.55 mm. Using a spreadsheet program, graph
the magnetic field strength as a function of R, the distance from the central axis of
the wire, for 0 <R <R,.

Picture the Problem We can apply Ampére's law to derive expressions for the
magnetic field strength as a function of the distance from the center of the wire.

Apply Ampére's law to a closed B, (2721’) =4l
circular path of radius r <Ry to
obtain:
Because the current is uniformly le | | - r? I
distributed over the cross section zr?  zR2 ¢ R_02
of the wire:
Substitute for I¢ to obtain: 1,11
Br<R0 (Zﬂf ) = 0—2
0
1 telds: rl 21
Solving for B, yields B,.. - M : :&_zr (1)
0 27R; 4n R,
Apply Ampere's law to a closed B.g, (27zr) = ol = u,l
circular path of radius r > Ry to
obtain:
Solving for B, ; yields: B - M 21 @)
C 4z r

The spreadsheet program to calculate B as a function of r in the interval
0 <r < 10R( is shown below. The formulas used to calculate the quantities in the
columns are as follows:
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Cell Formula/Content Algebraic Form
B1 1.00E-07 Hy
4
B2 5.00 I
B3 2.55E-03 Ro
C6 | 10M4*$BS1*2*$B§2*A6/$B$S3"2 &Ar
4z R;
C17 | 10"4*$BS1*2*$§B$2*A6/A17 U, 21
4 1
A B C
1 w4=| 1.00E-07 | N/A®
2 =15 A
3 Ro=| 2.55E-03 | m
4
5 R (m) R (mm) B (T)
6 0.00E+00 | 0.00E+00 | 0.00E+00
7 2.55E-04 | 2.55E-01 | 3.92E-01
8 5.10E-04 | 5.10E-01 | 7.84E—-01
9 7.65E-04 | 7.65E-01 | 1.18E+00
10 1.02E-03 | 1.02E+00 | 1.57E+00
102 2.45E-02 | 2.45E+01 | 4.08E-01
103 2.47E-02 | 2.47E+01 | 4.04E-01
104 2.50E-02 | 2.50E+01 | 4.00E-01
105 2.52E-02 | 2.52E+01 | 3.96E-01
106 2.55E-02 | 2.55E+01 | 3.92E-01

A graph of B as a function of r follows.

\

AN

\

12 16
R (mm)

20 24

86

A 50-turn coil of radius 10.0 cm carries a current of 4.00 A and a
concentric 20-turn coil of radius 0.500 cm carries a current of 1.00 A. The planes
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of the two coils are perpendicular. Find the magnitude of the torque exerted by the
large coil on the small coil. (Neglect any variation in magnetic field due to the
current in the large coil over the region occupied by the small coil.)

Picture the Problem We can use T = i x Bto find the torque exerted on the
small coil (magnetic moment = j ) by the magnetic field B due to the current in

the large coil.

Relate the torque exerted by the large T =Ux B

coil on the small coil to the magnetic or, because the planes of the two coils
moment g of the small coil and the are perpendicular, 7 = 1B

magnetic field B due to the current
in the large coil:

Express the magnetic moment of w1 =NIA

the small coil: where | is the current in the coil, N is
the number of turns in the coil, and A is
the cross-sectional area of the coil.

Express the magnetic‘ field at the B = Nz, where I'is the current in the
center of the large coil: R

large coil, N’ is the number of turns in
the coil, and R is its radius.

Substitute for B and x in the o NN'II'A g,
expression for 7 to obtain: 2R

Substitute numerical values and evaluate 7:

2 -7 2
(50)(20)(4.00A)(1.00 A)7(0.500cm) (47r><10 N/A ): 197N -m
2(10.0cm)

87 e The magnetic needle of a compass is a uniform rod with a length of
3.00 cm, a radius of 0.850 mm, and a density of 7.96 x 10° kg/m’. The needle is
free to rotate in a horizontal plane, where the horizontal component of Earth’s
magnetic field is 0.600 G. When disturbed slightly, the compass executes simple
harmonic motion about its midpoint with a frequency of 1.40 Hz. (a) What is the
magnetic dipole moment of the needle? (b) What is the magnetization of the
needle? () What is the amperian current on the surface of the needle?

Picture the Problem (a) We can solve the equation for the frequency f of the
compass needle for the magnetic dipole moment of the needle. In Parts (b) and (c)
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we can use their definitions to find the magnetization M and the amperian current

I amperian-

() The frequency of the compass 1 [uB 47% 21
.. _ f=—.|"—=u=

needle is given by: 272\ 1 B
where | is the moment of inertia of the
needle.

The moment of inertia of the needle | =Liml’ =L pVL? =& par®l’

is:

Substitute for | to obtain: _oflertl

3B

Substitute numerical values and evaluate s

(140" J(7.96x10° kg/m®)(0.850 10> m  (0.0300m)’
- 3(0.600x107* T)

=|524x107 A -m’

(b) Use its definition to express the M =4

magnetization M: \Y

Substitute to obtain: Moo A oo’ 2 flpl’
Vv 3BV 3B

Substitute numerical values and evaluate M:

~ 72(1.40s (7.96x10° kg/m’ )(0.0300m )’

M = = =| 7.70x10° A/m
3(0.600x107 T)

(c) The amperian current on the surface of the needle is:

=ML =(7.70x10° A/m)(0.0300m) =[ 23.1kA

amperian

88 oo A relatively inexpensive ammeter, called a tangent galvanometer,
can be made using Earth’s magnetic field. A plane circular coil that has N turns
and a radius R is oriented so the magnetic field B, it produces in the center of the
coil is either east or west. A compass is placed at the center of the coil. When
there is no current in the coil, assume the compass needle points due north. When
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there is a current in the coil (I), the compass needle points in the direction of the
resultant magnetic field at an angle @to the north. Show that the current | is
related to @ and to the horizontal component of Earth’s magnetic field B,

2RB
byl = £ tand.
#oN

Picture the Problem Note that B, and B, are perpendicular to each other and that
the resultant magnetic field is at an angle & with north. We can use trigonometry
to relate B, and B, and express B, in terms of the geometry of the coil and the
current flowing in it.

Express B in terms of B: B, =B, tan@

where @1is the angle of the resultant
field from north.

Express the field B, due to the B — N,

current in the coil: ¢ 2R
where N is the number of turns.

Substitute for B to obtain: Nl B tang =1 = 2RB, tan o
R ° -

2 1N

89 e« Earth’s magnetic field is about 0.600 G at the magnetic poles, and is
pointed vertically downward at the magnetic pole in the northern hemisphere. If
the magnetic field were due to an electric current circulating in a loop at the radius
of the inner iron core of Earth (approximately 1300 km), (a) what would be the
magnitude of the current required? (b) What direction would this current have—
the same as Earth’s spin, or opposite? Explain your answer.

Picture the Problem The current required can be found by solving the equation
for the magnetic field on the axis of a current loop for the current in the loop. We
can use the right-hand rule to determine the direction of this current.

(a) The magnetic field on the axis of B _ o 27R°1
a current loop is given by: T Ax (Xz + R2)3/2
Solving for I yields: 47[()(2 +R? )3/2 B,

2mu,R’
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Substitute numerical values and evaluate |:

a7((6370 km)? + (1300 km)? | * (0.600 Gx f}
| = 8/ 556

2;;(47; x1077 ;j(moo km)’

(b) Because Earth’s magnetic field points down at the north pole, application of
the right-hand rule indicates that the current is counterclockwise when viewed
from above the north pole.

90 e+ A long, narrow bar magnet has its magnetic moment g parallel to its
long axis and is suspended at its center—in essence becoming a frictionless
compass needle. When the magnet is placed in a magnetic field B , it lines up with
the field. If it is displaced by a small angle and released, show that the magnet

will oscillate about its equilibrium position with frequency given by2L ’UTB ,
T

where | is the moment of inertia about the point of suspension.

Picture the Problem We can apply Newton’s 2™ law for rotational motion to
obtain the differential equation of motion of the bar magnet. While this equation
is not linear, we can use a small-angle approximation to render it linear and obtain
an expression for the square of the angular frequency that we can solve for the
frequency f of the motion.

Apply Newton’s 2™ law to the bar . d*e
. . . —uBsinf =1

magnet to obtain the differential dt?

equation of motion for the magnet: where | is the moment of inertia of the
magnet about an axis through its point
of suspension.

For small displacements from BO ~ | d’e

equilibrium (8<< 1): HEZ =4

Rewrite the differential equation | d 220 +1BO=0

as: dt
or
d’0 B

a1 07
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Because the coefficient of the linear , uB 1B
term is the square of the angular I I
frequency, we have:
Because o =2f :
| 27\ |

91 <+ Aninfinitely long straight wire is bent, as shown in Figure 27-66. The
circular portion has a radius of 10.0 cm and its center a distance I from the
straight part. Find r so that the magnetic field at the region occupied by the center
of the circular portion is zero.

Picture the Problem Let the positive X direction be out of the page. We can use
the expressions for the magnetic fields due to an infinite straight line and a
circular loop to express the net magnetic field at the center of the circular loop.
We can set this net field to zero and solve for r.

Express the net magnetic field at the B=B, +B,, (1)
center of circular loop:
Letting R represent the radius of the B = Ml ;
loop, express B, : P 2R
Express the magnetic field due to B = N ;
the current in the infinite straight e 2
line:
Substitute for B, and B, in Bo_tlz sl z (_ Hl ol j ;
equation (1) and simplify to obtain: 2R 2m 2R 2
If B=0, then: DL BN S SR

2R 2mr R ar
Solving for r yields: [ 10.0cm _ 3 18em

T

92 e (@) Find the magnetic field strength point P on the perpendicular
bisector of a wire segment carrying current |, as shown in Figure 27-67. (b) Use
your result from Part (a) to find the magnetic field strength at the center of a
regular polygon of N sides. () Show that when N is very large, your result
approaches that for the magnetic field strength at the center of a circle.

Picture the Problem (a) We can use the expression for B due to a straight wire
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segment, to find the magnetic field strength at P. Note that the current in the wires
whose lines contain point P do not contribute to the magnetic field strength at
point P. In Part (b) we can use our result from (@), together with the value for 8
when the polygon has N sides, to obtain an expression for B at the center of a
polygon of N sides. () Letting N grow without bound will yield the equation for
the magnetic field strength at the center of a circle.

(a) Express the magnetic field
strength at P due to the straight wire
segment:

Because 6, = 6, = 0:

_

P an sin 6, +sin92)

B, =01 (25in0) = (ﬂ'—) sin 6

4 R 2r
Refer to the figure to obtain: o a
sinf = ———
va’+R’
Substituting for siné in the B - wal
expression for Bp yields: "1 2R +R?

(b) @ for an N-sided polygon is given 9="

by: N
Because each side of the polygon

. pPoyg B=| [Nt V[ )| N=3.4, . K
contributes to B an amount equal 2R N

to that obtained in (a):

(c) For large N, 7/N is small, so

B, = Limit, N0 gin[ %
. (ﬂj T . 27R N
sin| — |~ —. Hence:

N) N

_ Aol it N | !
2R

7N 2R
the expression for the magnetic field
strength at the center of a current-
carrying circular loop.

93 e The current in a long cylindrical conductor of radius 10 cm varies with
distance from the axis of the cylinder according to the relation I(r) = (50 A/m)r.
Find the magnetic field at the following perpendicular distances from the wire’s
central axis (a) 5.0 cm, (b) 10 cm, and () 20 cm.

Picture the Problem We can use Ampére’s law to derive expressions for B(r) for
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r <R and r > R that we can evaluate for the given distances from the center of the
cylindrical conductor.

Apply Ampeére’s law to a closed §CE d/ = B(r)2ar) = s, lc = 1,1 (r)
circular path a distance r <R from

the center of the cylindrical

conductor to obtain:

Solve for B(r) to obtain: B(r)= w,1(r)

2nr
Substitute for I(r): A (50 A/m)r M (50 A/m)

B(r)= =
2rr 2

(a) and (b) Noting that B is B(5.0cm)=B(10cm)
independent of r, substitute (4 %107 N/A2 )(50 A/m)
numerical values and evaluate - o
B(5.0 cm) and B(10 cm): (10T
(c) Apply Ampére’s law to a closed ﬁf? -d?=B(r)(2ar) = w1 = 1,1 (R)
circular path a distance r > R from
the center of the cylindrical
conductor to obtain:
Solving for B(r) yields: B(r) _ | (R)

2ar

Substitute numerical values and evaluate B(20 cm):

(47 x107 N/A2)(50 A/m)(0.10m)

B(20cm)= 27(0.20m)

=[5.0uT

94 e Figure 27- 68 shows a square loop that has 20-cm long sides and is in
the z = 0 plane with its center at the origin. The loop carries a current of 5.0 A. An
infinitely long wire that is parallel to the X axis and carries a current of 10 A
intersects the z axis at z= 10 cm. The directions of the currents are shown in the
figure. () Find the net torque on the loop. (b) Find the net force on the loop.

Picture the Problem The ficld B due to the 10-A current is in the yz plane. The
net force on the wires of the square in the y direction cancel and do not contribute
to a net torque or force. We can use 7 =1 x F,F=1/xB,and the expression for
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the magnetic field due to a long straight wire to express the torque acting on each
of the wires and hence, the net torque acting on the loop.

7
7

z
s
|

AN

(a) The net torque about the X axis is
the sum of the torques due to the
forces F,and F, :

Substituting for T, and T, yields:

The forces acting on the wires are
given by:

Substitute for F,,and F_,,to obtain:

‘i"net = 210 X [(I?),O X §10]+ i—lO X [(12)710 X B-m]

The lever arms for the forces acting
on the wires at y = 10 cm and
y=-10 cm are:

The magnetic field at the wire at
y =10 cm is given by:

T.=T,+T,

net

—

Too =lho ¥ Fy +1,,xF
where the subscripts refer to the
positions of the current-carrying wires.

F, = (Iz)o X Blo
and
F, = (I?)_m x B,

(1

~n
.

I,=(0.10m)jandZ ,, =—(0.10m);

where
R=1(0.10m)* +(0.10m) =0.141m.

Substitute numerical values and evaluate B, :
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5 _Amx107N/A? 2(10A)

= e j-k)=(0.0um)(-j-)

Proceed similarly to obtain: E_lo = (10.0 pT)(— } + l:’,)

Substitute in equation (1) and simplify to obtain:

 =(0.10m)jx|(5.0 A)(0.20 m)i (IOO,uT)( -k
~(0.10m)jx[(5.0 AY0.20 m)(~F )}x (10.0 4T)(- §+ K|
= —(2.0,uN-m)

(b) The net force acting on the loop F _ =F,+F, 2)
is the sum of the forces acting on its
four sides:

Evaluate F,,to obtain:

Substitute for FIO and 17“_10 in equation (2) and simplify to obtain:

=(10aN)(-k + )+ (0 N + )= [ (20 V)

95 e [SSM] A current balance is constructed in the following way: A
straight 10.0-cm-long section of wire is placed on top of the pan of an electronic
balance (Figure 27-69). This section of wire is connected in series with a power
supply and a long straight horizontal section of wire that is parallel to it and
positioned directly above it. The distance between the central axes of the two
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wires is 2.00 cm. The power supply provides a current in the wires. When the
power supply is switched on, the reading on the balance increases by 5.00 mg.
What is the current in the wire?

Picture the Problem The force acting on the lower wire is given by
F = 1/B, where | is the current in the lower wire, / is the length of the wire

lower wire
on the balance, and B is the magnetic field strength at the location of the lower
wire due to the current in the upper wire. We can apply Ampere’s law to find B at
the location of the wire on the pan of the balance.

The force experienced by the lower F = 1/B
wire is given by:

lower wire

Apply Ampere’s law to a closed
circular path of radius r centered on
the upper wire to obtain:

7
( ) 0'C 0 2

Substituting for B in the expression 1, ﬂo /172
for the force on the lower wire and Fioverwire = 1£ o)
simplifying yields:
Solve for | to obtain: {272,“:1 .

I — OWEI WIIre

Mol

Note that the force on the lower wire \/ 2 00 cm 5 00x10~° kg)
is the increase in the reading of the =
balance. Substitute numerical values 4” X107 N/A® ) (10'0 cm)
and evaluate I: =2236A=|224A

96 e+ Consider the current balance of Problem 95. If the sensitivity of the
balance is 0.100 mg, what is the minimum current detectable using this current
balance?

Picture the Problem We can use a proportion to relate minimum current
detectible using this balance to its sensitivity and to the current and change in
balance reading from Problem 95.

The minimum current |,,;, detectible I  2.236A
is to the sensitivity of the balance as 0.100mg ~5.00 mg
the current in Problem 95 is to the

change in the balance reading in

Problem 95:
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Solving for |, yields:

2236A
. =(0.100

=| 44.7mA

The "standard” current balance can be made very sensitive by increasing the
length (i.e., moment arm) of the wire balance, which one cannot do with this kind;
however, this is compensated somewhat by the high sensitivity of the electronic
balance.

97 eee  [SSM] A non-conducting disk that has radius R, carries a uniform
surface charge density o, and rotates with angular speed w. (a) Consider an
annular strip that has a radius r, a width dr, and a charge dg. Show that the current
(dl) produced by this rotating strip is given by wordr. (b) Use your result from
Part (a) to show that the magnetic field strength at the center of the disk is given
by the expression 1u,00R. (C) Use your result from Part (a) to find an

expression for the magnetic field strength at a point on the central axis of the disk
a distance z from its center.

Picture the Problem The diagram
shows the rotating disk and the circular
strip of radius r and width dr with
charge dg. We can use the definition of
surface charge density to express dg in
terms of r and dr and the definition of
current to show that dl = wor dr. We
can then use this current and expression
for the magnetic field on the axis of a
current loop to obtain the results called
for in Parts (b) and (c).

(a) Express the total charge dq that dq = odA = 27zordr
passes a given point on the circular
strip once each period:

Letting q be the total charge that dl = d_q _ 2rordr T wordr
passes along a radial section of the dt 2z
disk in a period of time T, express 0]

the current in the element of width
dr:
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(c) Express the magnetic field dBy at 4B = Ho 2 %dl
a distance z along the axis of the disk " Arx (22 +r2 )3/2
due to the current loop of radius r wor
and width dr: S S,
2(22 + r2)
Integrate fromr=0tor =R to U,oo +r
btain: B, = | rar
obtain: 2 0(22+r2)
B ,uoa)a( R*+27° Y
2 (JR*+7?
b) Evaluate By for x = 0: 2
VR

98 oo A square loop that has sides of length / lies in the z = 0 plane with its

center at the origin. The loop carries a current |. (&) Derive an expression for the

magnetic field strength at any point on the z axis. (b) Show that for z much larger
than /, your result from Part (a) becomes B = iy, / (27[23 ), where £ is the

magnitude of the magnetic moment of the loop.

Picture the Problem From the symmetry of the system it is evident that the
magnetic fields due to each segment have the same magnitude. We can express
the magnetic field at (x,0,0) due to one side (segment) of the square, find its
component in the X direction, and then multiply by four to find the resultant field.

z
- 0,40,17)
, A0.400)
d A 4
R
0,L0,-17)
0,
(x,0,0)
B,
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(a) B due to a straight wire segment
is given by:

Use 6, =6, and R=+/x*+//4 to

express B due to one side at (X,0,0):

Referring to the diagram, express
siné, :

Substituting for siné, and
simplifying yields:

By symmetry, the sum of the y and z
components of the fields due to the
four wire segments must vanish,
whereas the X components will add.
The diagram to the right is a view of
the Xy plane showing the relationship
between El and the angle S it makes

with the X axis.

Express By:

77 R .
B="——(sing, +sin@
47rR(1 p TS1 2)

where R is the perpendicular distance
from the wire segment to the field
point.

B,(x,0,0)=22——(2sin8,)
ar |, P
X*+—
4
=t (sin6,)
2r |,
X" +—
et
sm01=;= 2
d , 1P
X" +—
2

B,, =B, cosf
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Substituting for cosf and simplifying i
yields: B — Mo ¢ 2
Ix 2 2 2
47z\/X2 £ \/xz +— \/x2 s
4 2 4
Holl?
2 2
e+t e+t
4 2
The resultant magnetic field is the B= 4lef
sum of the fields due to the four wire Ve
segments (sides of the square): = o
2 Y]
27| X A+ ([ X+
4 2
(b) Factor x* from the two factors in B L\ 0? 5
the denominator to obtain: B 2 Y
2 4 2 4
2| 1+ —— | X 1+ —
4x 2X
_ Ho 0 °
2 2
27zx3(1+ Afsz 1+ 2£x2

For x >> /: E~y0I€2¢ Hold 7

3 1 = 1l
27X 27X

58}

where =107
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