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MAGNETISM: FORCE AND FIELD

EXERCISES

Section 26.2 Magnetic Force and Field

15.

16.

17.

INTERPRET This problem is about the magnetic force exerted on a moving electron.
DEVELOP The magnetic force on a charge ¢ moving with velocity V is given by Equation 26.1: IfB =qVx B. The
magnitude of IEB is
F.=|Fs|=|qVx B|=|q|vBsin @
EVALUATE (a) The magnetic field is a minimum when sin € =1 (the magnetic field perpendicular to the velocity).
Thus,
L 54x10™"° N

" gv o (1.6x107"° C)(2.1x107 m/s)

(b) For @ = 45°, the magnetic field is

=1.61x10° T=16G

R 54x10™° N
lglvsind  (1.6x107" C)(2.1x10” m/s)sin45°

ASSESS The magnetic force on the electron is very tiny. The magnetic field required to produce this force can be

=-\2B,=23G

compared to the Earth’s magnetic field, which is about 1 G.
INTERPRET This problem involves force on an electron that moves through a magnetic field. From Newton’s
second law we can relate this force to the acceleration experienced by the electron.
DEVELOP The magnetic force on a moving charge is given by Equation 26.1, which in scalar form is
F =qvBsiné

Using Newton’s second law (for constant mass, Equation 4.3, F = ma) we can solve for the speed v. From the
vector form of Equation 26.1, we see that the force is perpendicular to the velocity of the particle. Therefore, this
force does no work on the particle (see Equation 6.11), so from the work-energy theorem (Equation 6.14), we
know that the particle’s kinetic energy does not change.
EVALUATE (a) Solving for the velocity gives

F =ma=qvBsind

9.11x107" kg)(6.0x10" m/s’
V= ma =( g)( X e )=3.4><105 m/s
qBsing  (1.6x10™" C)(0.10 T)sin(90°)

(b) Because the particle’s kinetic energy does not change, its speed does not change.

ASSESS The magnetic force does cause the particles velocity to change, but not its speed. In other words, only the
direction of the particle’s velocity changes, but the magnitude of the velocity (i.e., its speed) does not change.

INTERPRET In this problem we are asked to find the magnetic force on a proton moving at various angles with
respect to a magnetic field.
DEVELOP The magnetic force on a charge ¢ moving with velocity V is given by Equation 26.1: IfB =qQVX B.
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18.

19.

The magnitude of IEB is
Fo =|Fo| =|avxB| =[glvBsin®

The charge of the proton is q=1.6x10"" C.
EVALUATE (a) When 6 =90° the magnitude of the magnetic force is

Fy = QvBsin(90°) =(1.6x10™" C)(2.5x10° m/s)(0.50 T) = 2.0x10™* N
(b) When 6 =30° the force is
F = QvBsin(30°) =(1.6x10™" C)(2.5x10° m/s)(0.50 T)sin(30°) =1.0x10™ N

(c) When 8 =0°, the forceis F; = qVBsin(Oo) =0.

ASSESS  The magnetic force is a maximum F; = |q|vB when 6=90° and a minimum F; . =0 when 6=0°

B, max B,min

INTERPRET We're asked to calculate the maximum magnetic force on an electron moving in the Earth's magnetic

field at the surface. We then compare that to the gravitational force on the same electron.
DEVELOP We're given the electron's kinetic energy, which we can equate to a velocity by

3 —19
e [2K _ | 200 e_V}l) [1.6x10™") 187107 s
m A\ (9.11x107'kg)| leV

The maximum magnetic force occurs when the velocity is perpendicular to the Earth's magnetic field: F =evB

from Equation 26.1 with sin@ =90°.

EVALUATE The maximum magnetic force on the electron is then
F=evB=(1.6x10""C)(1.87x10"m/s)(0.5x10™T) =1.5x10™"°N

By comparison, the weight of an electron at the Earth's surface is
F,=mg=(9.11x10""kg)(9.8 m/s*) =8.9x10™*N

ASSESS  The gravitational force is 10" times smaller than the magnetic force. This has partly to do with the
electron moving near the speed of light, but even so, gravity is very weak in comparison to both electric and

magnetic forces.

INTERPRET This problem is about the speed of a given charge if it is to pass through the velocity selector
undeflected. A velocity selector contains an electric and a magnetic field that are perpendicular to each other (see
Figure 26.5).

DEVELOP In the presence of both electric and magnetic fields, the force on a moving charge is (see Equation 26.2):

F=F.+F, =q(|§+\7>< é)
Because E is perpendicular to B, as shown in Figure 26.5, the forces due to each field on a charged particle are
antiparallel. Thus, we can use the scalar for of Equation 26.2,
F=F. +F,=q(E+VBsind)
so the condition for a charged particle to pass undeflected through the velocity selector is that the net force on it is

zero, or Fo =-F;.
EVALUATE Substituting the values given in the problem statement, we obtain

0=q(E+VvBsin®)
yo B _  24NC
Bsind  (0.060 T)sin(90°)

=400 km/s

ASSESS  Only particles with this speed would pass undeflected through the mutually perpendicular fields; at any
other speed, particles would be deflected. Note also that the particle velocity must be perpendicular to the magnetic
field for this result to hold.
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Section 26.3 Charged Particles in Magnetic Fields

20.

21.

22.

23.

INTERPRET This problem involves finding the radius of orbit of a proton moving perpendicular to a magnetic
field.
DEVELOP Apply Equation 26.3, r = vin/(eB) to find the radius r.
EVALUATE Inserting the given quantities gives
mv  (1.67x107 kg)(15 kmis)

T (1.6x10™ C)(4.0x102 T) =39 mm

ASSESS  To verify that the units of this expression are correct, note that a tesla can be expressed as

__ N _kems _ kg
Cm/s C-m/s C-s

Using kg/(C-s) instead of T in Equation 26.3 gives units of distance, as expected.

INTERPRET This problem is about an electron undergoing circular motion in a uniform magnetic field. We want
to know its period, or the time it takes to complete one revolution.

DEVELOP Using Equation 26.3, the radius of the circular motion is r = mv/ (|e| B). Therefore, the period of the
motion is

T2 _2r v _2rm
v v |e|B_ |e|B

EVALUATE Substituting the values given in the problem statement, we find the period to be
2m 272(9.11x10™" kg)

= EEN (1.6x10™° C)(1.0x10* T) =00

to two significant figures.
ASSESS The period is independent of the electron’s speed and orbital radius. However, it is inversely proportional
to the magnetic field strength.

INTERPRET We are to find the magnetic field strength given the frequency of the radiation emitted by electrons
in the field. We can assume that the electrons are moving in a circular path in the field, as for a cyclotron.
DEVELOP Apply Equation 26.4 (f = gB/(2mm) for cyclotron motion, and solve for B.

EVALUATE The magnetic field has a strength of

oxim 27(42 MHz)(9.11x10™" kg)

=15x10° T=15G
e (1.6><10"9 c)

B

ASSESS This is not a very strong field. The Earth’s magnetic field is 1 G, and a typical refrigerator magnet
produces a magnetic field of about 100 G.

INTERPRET This problem involves finding the magnetic field strength required for the given frequency of
electrons moving in a circular path through the field. In addition, given the maximum radius of the electron path,
we are to find the maximum electron energy (i.e., kinetic energy).

DEVELOP For part (a), apply Equation 26.4, which gives the frequency of motion as a function of magnetic field.

For part (b), use Equation 26.3, r = mv/(¢B) to find the kinetic energy K = mv*/2 that corresponds to r = 2.5 mm.

EVALUATE (a) A cyclotron frequency of 2.4 GHz for electrons implies a magnetic field strength of

_2xfm_ 27(2.4 GHz)(9.11x107" kg)

B e (1.6x10™" c)

=86 mT
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(b) Solving Equation 26.3 for v and inserting this into the expression for kinetic energy gives

K :ln’]\/2 :lm
2 2

=1.6x10"°J=1.0keV

@JZ _rgs_(25mm/2)' (L6x10™ C)'(85.9x10° T)

m 2m 2(9.11x10™ kg)

ASSESS The electron’s kinetic energy could also be expressed in terms of the cyclotron frequency directly,
2 2 .
K = (27 frm) /(Zm) =2m(zrf)", with the same result.

24. INTERPRET This problem is about two protons undergoing circular motion and colliding head-on.
DEVELOP In an elastic head-on collision between particles of equal mass, the particles exchange velocities:
Vi =V,; and V,; =V,;,. The uniform magnetic field is perpendicular to both their velocities, so the magnetic force
(F = evB) will induce circular motion with radius given in Equation 26.3: r =mv/eB. See the figure below,
where the magnetic field points out of the page.

In the figure, we have arbitrarily given the second proton a greater post-collision speed (sz > Vlf) , which means
F, >F and r, >r. However, from Equation 26.4, we know that the time it takes for each proton to complete its
circle is independent of velocity. The two protons will return to the collision point at the same time after one
period: T =2zm/eB.
EVALUATE The protons will collide again after
—27

2zm _ 27[(1.6];(10 kg}2 —131us

eB  (1.60x107"C)(5%x107°T)

ASSESS In solving the problem, we have ignored Coulomb repulsion between the two protons.

Section 26.4 The Magnetic Force on a Current
25. INTERPRET This problem involves finding the force on a wire that is perpendicular to the given magnetic field
and that carries the given current.
DEVELOP Apply Equation 26.5
F=I1IxB
which, in scalar form, is F' = IIBsin6.

EVALUATE Inserting the given quantities into the expression above gives

F =1IBsin@=(15 A)(0.50 m)(0.050 T)sin(90°)=0.38 N

ASSESS The direction of this force is given by the right-hand rule, crossing the current | into the magnetic field B.

26. INTERPRET In this problem we are asked about the magnetic field strength given the force per unit length exerted
on a wire in the field. We are also to find the maximum force this wire can experience in this magnetic field if we
were to reorient the wire in the field.

DEVELOP Equation 26.5 gives the magnetic force on a straight current-carrying wire in a uniform magnetic field,
F =1l xB. The magnitude of the force is F = [IBsin .
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27.

28.

EVALUATE (a) From the magnitude of the force per unit length, If/ | =0.15N/m and the given data, we find the
magnetic field strength to be
F 0.31 N/m
B = =
llsind (15 A)sin(25°)
(b) By placing the wire perpendicular to the field (sin@= 1), a maximum force per unit length of

IE= IB=(15 A)(48.9 mT)=0.73 N/m

=49 mT

could be attained.

ASSESS  From the definition of cross product between two vectors, we see that the magnetic force F is
perpendicular to both the current direction | and the magnetic field B, and the magnitude of F is a maximum
when | L B.

INTERPRET You need to show that a bar carrying current will need to be securely fastened inside high magnetic
field experiment.

DEVELOP You can use Equation 26.5 to find the magnitude of the magnetic force on the conducting bar:

F =ILBsing.

EVALUATE Putting in the given values,

11b

F =(4.1kA)(1.3m)(12 T)sin60° =55 kN[—} =12,000 Ib
4.448 N

Yes, you were right to suggest clamping down the bar.
ASSESS The force will point in the direction perpendicular to the plane defined by the field and bar. With high
magnetic fields such as this, it's very important to remove or secure all metal objects.

INTERPRET Two forces are involved in this problem: the magnetic force and the gravitational force. We want to
find the magnetic field strength such that the two forces are equal in magnitude.

DEVELOP The magnetic force is given by the scalar form of Equation 26.5 with 8= 90°, and the force due to
gravity is F'= mg. A magnetic force equal in magnitude to the weight of the wire requires that

F,=F, = IIB=mg

since the wire is perpendicular to the field.
EVALUATE The equation above implies that the field strength is
| 75 g/m)(9.8 m/s®
g_m_(mhg_(75¢ I )=0.12T
I I 6.2 A
ASSESS  This field strength is much greater than the typical value of 0.01 T produced by a bar magnet.

Section 26.5 Origin of the Magnetic Field

29.

30.

INTERPRET For this problem, we are given the current carried by a wire that forms a loop. Given the magnetic
field strength at the loop center, we are to find the radius of the loop.

DEVELOP This problem is dealt with in Example 26.3, so apply that result (Equation 16.9) here with x = O (since
we are in the plane of the loop).

EVALUATE Solving Equation 26.9 (with x = 0) for the loop radius a gives

s
2a
47x107 N/A? (15 A
a:_ﬂol :( X )( ):12cm
2B 2(80,uT)

ASSESS The current in the loop is very high (15 A!) yet the magnetic field it produces is quite small (~ 1 G).

INTERPRET This problem involves finding the magnetic field on the axis of a current-carrying loop.
DEVELOP As shown in Example 26.4, the magnetic field at a point P on the axis of a circular loop of radius a
carrying current / is (Equation 26.9):
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31.

32.

33.

_ e
B 7
2(x +a’)
EVALUATE (a) At the center x = 0 so the field strength is
5 Al (47x107 N/A? )(650 mA )
T 2a 2(2.0 cm)/2

(b) At x =20 cm on the axis, we have

=41 puT

2 47107 N/A%)(650 mA )(1.0cm )
po_ ! :( ) ) ) ~5.1nT

2 +at)” 2[(20 )’ +(1.0 cm)zT/Z

ASSESS The direction of the field is along the axis. The field strength is greatest at the center of the loop since
this point is closest to the current.

INTERPRET This problem is similar to the preceding one, except that we consider here the effect of not one, but
several current-carrying loops that are positioned very close together on the same axis. We are given the current in
each loop and the radius and are to find the magnetic field strength at the center of the loops.

DEVELOP Using the principle of superposition, the total magnetic field at the center of the loops will be the sum
of the magnetic field from each loop. The number n of loops involved is n =L/(27) where L = 2.2 m and 2a = 5.0
cm. From Problem 29, we see that the magnetic field due to a single loop at the center of the loops is B =i,l/(2a).
EVALUATE The total magnetic field is

4 7x107 N/A* )B.5 A )22
B:nﬂ=[Lj[ﬂ]=#o”-z b [ 2)( M) g e
a 27a 27(0.050 cm)

2ra a

ASSESS  For this approximation to be valid, the loop radius must be much, much larger than the separation
between the loops.

INTERPRET This problem involves finding the magnetic field strength at a given distance from a current-carrying
wire.
DEVELOP Equation 26.10 of Example 26.4 gives the magnetic field strength a distance » from an infinitely long
straight wire:

g bl

2rr

The expression is applicable if  is much smaller than the length of the wire.
EVALUATE Solving the equation above for the current, we find

_27rB_ 27(1.2 cm)(67 uT)
Cou,  4zx107 N/A?

ASSESS The current is proportional to the magnetic field strength. Note that the magnetic field lines are

| =40A

concentric circles, as illustrated in Fig. 26.18.
INTERPRET This problem involves two long parallel wires separated by 1 cm and carrying the given current
(note that the current is in the same direction for both wires). We are to find the force between these wires.
DEVELOP Apply Equation 26.11. To find the force per unit length, simply divide through by the length 1 of the wires:
E — Hy L1,
I 27d
EVALUATE Inserting the given quantities gives
Fogll, (47x107 NA%)(15 A)
| 27zd 272(0.01m)

=5 mN/m

to a single significant figure.

ASSESS  If the currents were in the opposite directions, the force would be zero.
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Section 26.6 Magnetic Dipoles

34.

35.

36.

INTERPRET We are to find the magnetic field strength produced by the Earth’s magnetic dipole.
DEVELOP Apply Equation 26.12, which gives the magnetic field strength B at a distance x along the axis of a
magnetic dipole moment # as
B=to H
27 X
EVALUATE Substituting the values given, we find the field strength to be

g, 4 (47x107 N/A?)(8x107A-m?) 105 T 062 G
= = =6.2X =0.

27 R 27(637x10° m)
ASSESS The main component of the Earth’s magnetic field is a dipole. The magnetic field near the surface of the
Earth is about 0.5 G.
INTERPRET We are to find the strength of the magnetic dipole moment of the given current loop, and the
magnitude of the torque it would experience when placed at 40° in the given magnetic field.
DEVELOP To find the magnetic dipole moment, apply Equation 26.13, i = NIA, which in scalar form is U=
NIA. The torque on this loop in a magnetic field B = 1.4 T is given by Equation 26.15.
EVALUATE (a) The strength of the magnetic dipole moment is

1=NIA=(1)(0.45A)(5.0cm)’ =1.1x107 A - m?

(b) The torque on the current loop is
7=|@xB|= uBsin® = (1.13x107 A-m’)(1.4 T)sin(40°) =1.0x10” N-m.

ASSESS The maximum torque occurs at €= 90°, as expected.

INTERPRET This problem is about an electric motor. We are asked to find the magnetic field strength, given the
torque, the current, and the area of the current loop.
DEVELOP The maximum torque on a plane circular coil follows from Equations 26.15 (i.e., for 8= 90°):

7. =4B=N7zRB
EVALUATE Solving the expression above for B gives

Tmax — 7’-max 12N-m > = 480 mT

4 NIZR (250)(3.3 A)z(3.1 cm)

to two significant figures.

ASSESS  This field strength is rather high, but it is reasonable for producing the torque needed to rotate the motor.

Section 26.8 Ampere’s Law

37.

38.

INTERPRET This problem involves Ampere’s law for magnetism, which we will use to find the current in a wire
given the magnitude of the line integral of the magnetic field.
DEVELOP Apply Equation 26.17, where the left-hand side is 8.8 mT.
EVALUATE Inserting the given quantity for the integral and solving for the current gives
8.8 T m=PB-dF = 1] .
8.8 uT-m

=—————=7.0A
" 4 x107 N/A?

ASSESS The current within the area defined by the line integral is directly proportional to the value of the line
integral.

INTERPRET This problem involves an application of Ampere’s law, which we can use to find the current
enclosed by the loop. The magnetic field is antisymmetric about the horizontal axis through center of the Amperian
loop, so the contribution to the integral from the top and bottom part of the loop is the same.
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39.

40.

DEVELOP Applying Ampere’s law (Equation 26.17) to the loop shown in Fig. 26.38 (going clockwise) gives

@ B ! dr = IUO I encircled
ZaB = :uO I encircled
where a = 20 cm is the length of the top and bottom of the loop. Note that the vertical sides of the loop give no
contribution to the line integral because they are perpendicular to the field.
EVALUATE Thus, the encircled current is
_2Ba_ (75 uT)(2x0.20 m)
A 4rx107 N/A”

ASSESS  As explained in the text, the current flows along the boundary surface between the regions of oppositely

=24 A

directed B, positive into the page in Fig. 26.38, for a clockwise circulation around the loop.

INTERPRET This problem is similar to Example 26.7. We can apply Ampere’s law to find the strength of the
magnetic field inside and at the surface of the wire with the given dimensions and carrying the given current.
DEVELOP Because the current is uniform within the wire, the fraction of current contained within 1 mm of the

wire’s axis is

=|
a 0 2 0
7, 1

r
2
b
where r, = 0.10 mm and r, = 1.0 mm. We can insert this into Ampere’s law (Equation 26.17) to find the strength of
the magnetic field at r,. For part (b), we are to find the magnetic field strength at the surface of the wire (r), so the

current enclosed is simply [, = 5.0 A.
EVALUATE (a) The magnetic field strength at 0.10 mm from the wire axis is
$B-dr =,
2

r
B(2zz'ra)=,uolori2

b

AN (47x107 N/A?)(5.0 A)E0.0SO mm)

27t 272(0.50 mm) 400
(b) At the surface of the wire, Ampere’s law gives
95 B-df =l
B(27r1,) = 14,1,
o _ (47107 N/A*)(5.0 A) 06

2zr,  272(0.50 mm)

ASSESS Because this problem is the same as Example 26.7, we could have directly applied Equations 26.19 and
26.18 for parts (a) and (b), respectively. The results, of course, are the same.

INTERPRET This problem is about the magnetic field of a long current-carrying wire of radius R. We want to
show that the expression for the current inside the wire (Equation 26.19) reduces to the expression for the current
outside the wire (Equation 26.18) at the wire’s surface.

DEVELOP Equation 26.18, B = | /(27rr) holds for r >R while Equation 26.19, B= ,UOH‘/(ZI[Rz) holds for
r <R Evaluating both at » = R will determine if they give the same result at the surface of the wire.

EVALUATE Inserting r = R into Equation 26.18 gives B = x| / (27[R) . Inserting r = R into Equation 26.19 gives
B =l R/(ZHRZ) =4l /(27rR) , which is the same result as for Equation 26.18.

ASSESS We expect both equations to give the same result for the magnetic field since the encircled current at r =
Ris | =1 in both cases.

encircled
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41.

INTERPRET We are asked to find the magnetic field strength inside a solenoid given the current-loop density and
the current.

DEVELOP Apply Equation 26.21, which gives the field inside the solenoid (i.e., many radii away from the end of
the solenoid).

EVALUATE Inserting the given quantities gives

B=u,nl =(47x107 N/A?)(3300m™ )(4.1kA) =17 T

ASSESS This is a very strong magnetic field.

PROBLEMS

42,

43.

INTERPRET This problem asks us to find the magnetic force exerted on a moving charged particle. We are given
the velocity and magnetic field.

DEVELOP The magnetic force on a moving charge can be calculated using Equation 26.1: F= qv x B, which
gives

A A

i i k
F=q50m/s 0 32m/s|=-iq(3.2m/s)(6.7T)+ jq(3.2m/s)(9.4 T)+kq(5.0 m/s)(6.7 T)
94T 67T 0
EVALUATE (a) The force is
ﬁ:(—1.1F+1.5j+1.7|2)><10*3 N

The magnitude and direction can be found from the components, if desired.
(b) The dot product between force and velocity is

F Vo (—1.072F+1.504i+1.675|2)(5.0f+3.2|2)
=(-1.072)(5.0)+(1.675)(3.2)=0
The dot product between force and the magnetic field is
F.Be (—1.072f+1.504i+1‘675I2)(9.4i‘+6.7f)
= (~1.072)(9.4) +(1.504)(6.7) =0
ASSESS  The fact that the product F -V vanishes can also be shown in a general fashion as follows:
F-V=(quxB)-v=q(¥xV)-B=0
where we have used the vector identity (AxB)-C=(Cx A)-B.

INTERPRET The problem asks us to estimate Jupiter's magnetic dipole moment given the magnetic field strength
at its poles.

DEVELOP The magnetic field on the axis of a magnetic dipole far from its center is given by B= g 1a’/2x’ (see
Equation 26.9). If we substitute # = zzla* for the magnetic dipole moment, B= yu/27X .

EVALUATE We can assume that Jupiter's poles are both one radii away from the planet's magnetic dipole:
X=6.91x10"m (from Appendix E). Given the field at the poles, the magnetic dipole moment is

2axB_27(6.91x10"m) (14x107T)

— =23x107A-m’
M, 4rx107'T-m/A

ASSESS This is a huge dipole moment, but we can imagine it would have to be to produce a planet-wide magnetic
field. The units are correct, since the magnetic dipole moment is current multiplied by area. Jupiter's magnetic field
is believed to arise from currents in metallic hydrogen found deep beneath the planet's surface. If we assume that
Jupiter's dipole moment were due to a single giant current loop with a radius half that of the planet, the loop would
have to carry a current of | =4 = 6x10" A,
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44,

45.

46.

INTERPRET We are given the force exerted on a first proton of known velocity and the force exerted on a second
proton whose velocity direction is given, but not its speed. We are to find the magnetic field vector and the speed

of the second proton.
DEVELOP Apply Equation 26.1 to generate two scalar equations relating the components of the force to those of

the velocity and magnetic field. For the first proton, this gives

f ; o [al(3:6x10° ms)(B,)-(0)(8, ) |F
F=Fi=ql0 36x10'ms 0|=1  —q[(0)(B,)-(0)(B)]]
B, B, B, +q[(0)By—(3.6><104 m/s)(BX)}k

which tells us that B, = 0 because F; has no z component. For the second proton, Equation 26.1 gives

o[ (0)(B,)-(0)(8,) i

]k
F=Fj=qyv, 0 0f=¢ -q[(v)(B)]i
0 B, B, +q[(vx)(By)J|2

which tells us that B, = 0 because the F, has no z component. We can equate the vector components to find B, and v,.
EVALUATE From the equation for F;, the z component of the magnetic field is

F. =q(3.6x10* m/s)(B,)
F 7.4x107"° N

= 1 = =0.13T
q(3.6x10* m/s)  (1.6x10™" C)(3.6x10* mys)
From the equation for F,, the speed of the second proton is
F,=a(v)(B,)
—16
F, 2.8x107° N —1.4x10° m/s

V)( ==
g8, (1.6x10™° C)(0.128T)
Thus, the magnetic field is B= (0.13 T)|2 and the velocity of the second proton is V= (1 4x10* m/s) i
ASSESS  As required, the force is perpendicular to the magnetic field and to the velocity in each case.

INTERPRET We are asked to approximate the amount of current flowing in the Earth's liquid core that would
produce the measured magnetic field at the poles. We assume the current is confined to a single loop whose axis
passes through the poles.
DEVELOP The magnetic field from a single current loop was calculated in Example 26.3 for a point on the loop's
axis: B=g,la’/ 2(X2 +a’ )3/2. For the given model of the Earth's field, the radius of the loop, a=3000 km, is not
much smaller than the distance to the north pole: Xx=6,370 km.
EVALUATE Solving for the current, we arrive at

| 28(x +a2)3/2 2(62 uT)[(6370 km)” +(3000 km)zT/Z

A ——=38GA
7% (47x107T-m/A)(3000 km)

ASSESS A single current loop would generate a dipole magnetic field, but the Earth's field is more complicated
than that. It is believed that convection of molten iron in the liquid core creates a dynamo that sustains the planet's

magnetic field.

INTERPRET A beam of electrons will be bent by a magnetic field. We are asked to find the farthest that the beam
penetrates into the region defined by the field.

DEVELOP Since the beam is perpendicular to the field, it will follow a circular path with radius r =nmv/eB
(Equation 26.3). Moreover, since the beam enters perpendicularly the magnetic field region, it will complete a half-
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circle before exiting in the opposite direction that it entered. Therefore, the farthest that the electrons penetrate is
the same as the radius of curvature.
EVALUATE The penetration distance is

mv  (9-11x107"kg)(8.7x10°ms)

f[=—= =2.8 mm

eB  (1.6x107°C)(0.018 T)

ASSESS The field acts like a mirror, reflecting the electrons back at the same initial speed with a small
displacement. We can explore what happens if the beam enters the field region at angle 8to the normal of the
boundary, see figure below.

Binto page

® @ ] &

=
Y
1

k—Boundary

In this case, the beam penetrates a distance r(1—sin@) into the region and exits at the same angle & on the other

side of the normal.

47. INTERPRET This problem is about a charged particle undergoing circular motion in a magnetic field, and we
want to express the radius of the orbit in terms of its charge, mass, kinetic energy, and the magnetic field strength.
DEVELOP From Equation 26.3, the radius of the circular motion is r = mv/ (qB). For a non-relativistic particle,

K=1mv} or Vz\/m.
EVALUATE Therefore, the radius of the orbit is
MV _m [2K _2Km
gB gBV m 0B

ASSESS  Our result indicates that the radius is proportional to +/K, or v. Thus, the greater the kinetic energy of
the particle, the larger its radius.

48. INTERPRET The problem asks us to consider the acceleration of deuterium nuclei in a cyclotron.
DEVELOP Particles in a cyclotron get a boost in velocity each time they pass from one dee to the other. The
magnetic field holds them in a circular orbit, so they make multiple passes. In order to always be accelerating the
particles, the voltage has to be alternated every time they make a half circle of their orbit. In other words, the
voltage needs to cycle at the same rate as the particles revolve in the magnetic field, which is just the cyclotron
frequenqcy: f =qB/2zm (Equation 26.4). In this case, the particles are deuterium nuclei, which have atomic
mass 2 and charge +e:
m=2(1.66x10""kg) =3.32x10"kg
g=+1.60x10""C
The frequency does not depend on the speed (energy) of the nuclei, but the radius of their orbit does: r =mv/eB
(Equation 26.3). The maximum energy is achieved when the nuclei reach the outer rim of the cyclotron. We can
figure out how many orbits it takes to reach this maximum by dividing by the kinetic energy gain of each orbit.
We'll assume the nuclei have negligible kinetic energy to begin with.
EVALUATE (a) The frequency at which the voltage should be alternated is:
gB _ (1.60x107°C)(2.0 T)
27m 27(3.32x10 7 kg)

(b) The maximum kinetic energy can be derived from the speed at the cyclotron's radius:

f= =15 MHz
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49.

50.

51.

2 2
rgB) _(raB)
<=1 ) <5

2
190 1.60x107°C)(2.0 T
:[(2 cm)( - = )( )} =3.1x107"?J =20 MeV
2(3.32x107kg)

We've written the answer in eV, as this unit is easier to work with for particles.

(c) Each orbit in the cyclotron accounts for two passes across the potential difference between the dees. Therefore,
the kinetic energy gain in each orbit is AK =2gAV, and the number of orbits needed to reach the maximum
energy is

K 20 MeV 20 MeV

—= = =6700
AK  2(€)(1500 V) (3000 eV)

ASSESS Notice how much easier the final calculation was when we were using eV rather than J. At 15 MHz, the
deuterium nuclei will reach the maximum energy in less than half a millisecond.

INTERPRET In this problem an electron is moving in a magnetic field with a velocity that has both parallel and
perpendicular components to the magnetic field. The path is a spiral.

DEVELOP The radius depends only on the perpendicular velocity component, I =-5-. On the other hand, the
distance moved parallel to the field is d =vT, where T is the cyclotron period.

EVALUATE (a) The radius of the spiral path is

_mv,  (9.11x107" kg)(3.1x10° m/s)
eB (1.6x107"° C)(0.25 T)

(b) Since v =V, the distance moved parallel to the field is

=70.6 yum=71 um

2rm mv
d=vT=v | — |=27| —= |=221 =27(70.6 £m) =440 um
I J_[ B j [ B ] ( {m) H
ASSESS  Since motion parallel to the field is not affected by the magnetic force, with v, =V, the distance traveled
int =T along the direction of the field is simply d = 27r.

INTERPRET This problem requires us to find the force exerted on a wire that results from the interaction between
the current in the wire and the magnetic field.

DEVELOP The current in the wire is given by Ohm’s law (macroscopic version, see Table 24.2) V = IR. Applying
Equation 26.5, F=1IxB , we see that the force on the upper and lower section of the circuit cancel (see sketch

below), leaving only the force on the vertical section of the circuit.
FLlp Bin
3.0Q XA X X X

+ ><I PN PN PN
12V_— 10 cm l>F
- X X X X

X X X X
Flo

W

EVALUATE Inserting the given quantities into Equation 26.5 we find

= = = V- = 12V 5 ~ .A
F=1lxB=_TxB _30—9[(0.10 m)(~)x(0.038 mT)(—k)} = (15 mN)i
ASSESS This problem ignores field-fringing effects that would occur at the edge of the field. However, by
symmetry these effects cancel because these effects have the opposite influence on the upper and lower sections of
the circuit.

INTERPRET You're designing a prosthetic ankle that uses an electric motor. You need to find the current
necessary to achieve the desired torque.
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DEVELOP As described in Example 26.5, an electric motor consists of a current loop in a magnetic field. The
torque is given by Equation 26.4: 7= | J723 I§| = uBsin . The magnetic dipole moment is equal to = NIA
(Equation 26.12).
EVALUATE The torque is maximum when the magnetic dipole moment is perpendicular to the field (sin6 = 1).
Solving for the current gives

T (3.1mN-m)

max

~NAB (150)7(1 15 mm)’ (220 mT)

=0.53A

ASSESS Note that the units work out, since 1 T =1 N/A - m. The result seems like a reasonable current for this

application. But care will be needed to be sure no current leaks out into the surrounding tissue.

52. INTERPRET We are to find the current that’s needed to produce a magnetic force to raise the current-carrying rod
against the force of gravity. In addition, we need to specify the direction required for the current.
DEVELOP An upward magnetic force on the rod equal (in magnitude) to its weight (= mg) is the minimum force
necessary to maintain the bar in equilibrium with gravity. The magnetic force is given by Equation 26.5,
F=Ilx B, which reduces to F = 1IBsin@ = IIB because the rod is perpendicular to the magnetic field (so 8=
90°).
EVALUATE (a) The minimum current is obtained by setting |1B=mg, or

mg  (0.018kg)(9.8 m/s’)

=—= =59A
1B (0.20m)(0.15T)

(b) Using the right-hand rule, we see that, for the force to be upward, the current must flow from A to B.

ASSESS A current of 5.9 A sounds reasonable. The weight of the rod is about F;=mg=0.176 N. To support the
weight with an upward magnetic force, we need a strong enough magnetic field and big enough current such that
11B>mg.

53. INTERPRET This problem deals with the Hall effect, which we can use to find the number density of free
electrons (i.e., mobile electrons) in copper.

DEVELOP The geometry in this problem is the same as that in the discussion leading to Equation 26.6, which
shows that the number density n of charge carriers is

n=1B/qV,t
EVALUATE Inserting the given quantities into this expression gives
(6.8 A)2.4T)

=8.5x10% ¢cm™
1.6x10™ C)(1.2 uV)(1.0 mm)

n=IB/qVHt=(

ASSESS This is a typical number density for free electrons in a metal.

54. INTERPRET In this problem the magnetic field exerts a torque on a current-carrying loop, causing the normal of
the loop to make an angle with the field. Given this angle, the current, and the loop area, we are to find the
magnetic field strength.

DEVELOP See the discussion accompanying Figure 26.23. The magnetic torque exerted on a dipole moment i by
the magnetic field B is given by Equation 26.15 7 = [ixB. The magnitude of 7 is

7=uBsind
where ji=I|AA, with A=7zR* being the area of the loop and i the unit vector in the normal direction of the plane
of the loop.
EVALUATE  Substituting the values given in the problem, we find the field strength to be

T T 0.015N-m

= - = T = 5] :380 mT
using  17ZRsin€ (12 A)7(5.0 cm) sin(25°)

ASSESS The torque tends to align the magnetic dipole moment with the magnetic field. It is at a maximum,
T, =MB, when 8=90°.
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55.

56.

57.

INTERPRET We are to find the magnetic dipole moment of a 100-turn solenoid with the given dimensions and
current, and find the maximum torque this coil will experience in a 0.12-T magnetic field.

DEVELOP Apply Equation 26.13,
Zi=NIA
to find the dipole moment. The maximum torque may be found by setting 8= 90° in the cross product of Equation

26.15.

EVALUATE (a) The magnetic moment of the coil has magnitude
U=NIA = 100(5.0 A)%E(0.0:%O m)2 =035A-m’
(b) The maximum torque (from Equation 26.14, with sin@= 1) is

Tp =#B=(0353 A-m*)(0.12 T)=42x10" N-m

ASSESS This is not a very strong motor.

INTERPRET This problem is about the change in potential energy of a magnetic dipole moment.
DEVELOP From Equation 26.15, the potential energy of a magnetic dipole in a magnetic field is
U=—i- B= HBcos 8. Therefore, the energy required to reverse the orientation of a proton’s magnetic moment
from parallel (9 = 0) to antiparallel (9 = 180") with respect to the applied magnetic field is
AU =U,, —U,, =—Bcos180° —(—uBcos0) =24B

where 22=141x10"°A-m?’ is the magnetic dipole moment of the proton.
EVALUATE Substituting the values given, we find the energy to be
AU =2uB=2(1.41x10°A -m*)(9.4 T) =2.7x107 J=1.7 peV

ASSESS The potential energy of a dipole moment is a minimum (U = —uB) when it is parallel to the magnetic
field, but a maximum (U =+4B) when it is antiparallel to the field. Positive work must be done to flip the dipole.
In an NMR device, the alignment by the magnetic field of protons and other particles with magnetic dipole
moments can be studied by passing radio waves through the sample.

INTERPRET We are to find the force on a quarter-circle of current-carrying wire in a magnetic field. We will use
the equation for magnetic force on a wire, which we will express in differential form and then integrate to
determine the net force.

DEVELOP The force on a section of wire dl carrying a current / in a magnetic field B is

dF =Id' xB = dF =IBdl

where we have used sin@= 1, because 8= 90° for this problem. Using the right-hand rule, we can see from Fig.
26.41 that the force on the wire will be everywhere radially away from the loop center (see figure below). The
horizontal component of force on each segment d/ of the wire is given by dF, = IBdlsin&, where @ is the angle
between the vertical and a line between the center of curvature and the wire segment dl, as shown in the figure
below. The vertical component of the force is dF, = 1Bdl cos€ . The total horizontal force on the wire is then

0=n/2 0=n/2

F= [ 1Bsingd+j [ IBcosed

6=0 6=0
In terms of 6, dl = rd6. The current and field are constant: / = 1.5 A and B=48x10" T. The radius of curvature is
r=021m.
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EVALUATE Evaluating the integral gives

72 /2

F =i [ IBsinorde+ ] [ IBcosorde
0 0

=1Br F”fsinerdm j‘”fcoserde =1Br(i'+j)
0

0

Inserting the values gives

F=(1.5A)(48x107 T)(0.21m)(i + ) = (0.015 N)(i + j)
The magnitude is thus F = \/m =0.021 N and the direction is 45° above horizontal.
ASSESS The symmetry of the problem makes evaluation of the integral straightforward.

58. INTERPRET You need to determine how many turns of a current-carrying wire is needed to have the magnetic
field at the center be equal in magnitude to that of the Earth's magnetic field.
DEVELOP Equation 26.9 (see Example 26.3) can be modified for N turns of wire. Therefore at the center of a flat
circular coil (X = 0), the magnetic field is B = Ng,l/2a The length of wire needed will be N multiplied by the
loop circumference, 27a.
EVALUATE For each coil that your company is making, the amount of wire you must requisition is

47a’B 471'(%-20 cm)z(SO pT)

L=N-2za=
Ml (47x107 N/A”)(0.50 A)

ASSESS  Each coil will need 16 turns to cancel out the magnetic field of the Earth.

59. INTERPRET This problem involves finding the magnetic field of a wire that is bent into the given geometrical
shape and through which flows the given current.
DEVELOP The wire may be divided into a straight section and the loop, and the current at the loop center will be the
superposition of the magnetic fields from these two components. The magnetic field due to the straight section is

Ho!
2ra

straight —

where a is the loop radius (see Example 26.4 and Equation 26.10). From Example 26.3, the loop contribution to the
magnetic field is
_ tl
Bloop za
where we have used x = 0 in Equation 26.9. Using the right-hand rule, we see that both contributions are out of the

page, which we define as the K direction.

EVALUATE Inserting the given quantities and summing the two contributions gives

B=B

straight

=) Mol o Mol Ml
+ = k+—2—k=(1+7)——k
Buon 2za 2a ( )2ﬂa

ASSESS The superposition principle greatly simplifies this problem, both analytically and conceptually.

60. INTERPRET You want to know what effect a power line overhead will have on your compass reading.
DEVELOP The magnetic field induced by the power line has magnitude given by Equation 26.10: B= g1 /2zd ,
where d is the distance from the wire to the ground. If the current is moving northward, then by the right-hand rule
the induced magnetic field will point westward at ground level. You can add this magnetic field to the Earth's field
to see what effect it will have on your orientation.
EVALUATE The induced field will have a magnitude of
g thl _ (47x107T-m/A)(1.5kA)

=030G
27d 272(10 m)
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61.

62.

Let's assume that north is in the positive y-direction, so that this induced field points in the negative x-direction
(west). The total field at your location will therefore be
B, =B, +B=024]-0.30i G

0.30
0.24

ASSESS The lesson is that you shouldn't use a compass to orient yourself when standing near a power line.

Your compass needle will point at an angle of &= tan™' ( ) =51° to the west of true north.

INTERPRET We are to find the magnetic field at the center of a semicircular current-carrying wire by using the
Biot—Savart law.

DEVELOP Use the coordinate system shown in the figure below. The Biot-Savart law (Equation 26.7) written in a
coordinate system with origin at P, gives
di xf

r 2

_ |
B(P):Z—ﬁj

wire

where f is a unit vector from an element di  on the wire to the field point P. On the straight segments to the left
and right of the semicircle, d s parallel to f and —f , respectively, so di xf =0. On the semicircle, di is

perpendicular to f and the radius is constant at r = a.

y
A

~dl
g
voay ——> X
dl PP 7 dl
EVALUATE Evaluating the integral gives
B(p)=l | d'szj_fda.;Z&(ﬂ_ajgzﬂ_w

iz a Ja  4rlad 4a

semicircle

where K is into the page.
ASSESS Notice that [ is dimensionless, so the units work out to be (N/Az)(A)/m =N/(A'm)=T.

INTERPRET We're asked to find an expression for the magnetic force on three parallel wires carrying the same
current.

DEVELOP Let's first label the wires 1, 2, 3. The force between parallel wires is attractive, with a magnitude given
by Equation 26.11: F = g,1°l/27a. We'll concentrate on wire 1 and the forces exerted on it by wires 2 and 3: IE12

and IEB, respectively. See the figure below.

EVALUATE From the figure, we can see that the x-components of IE12 and IE13 will cancel each other out. We
only need to add the y-components to find the total force on wire 1:

F=F F _ﬂ0|2| 30° 30° _\/g/l()lz'

By symmetry, this will be the same force on wires 2 and 3.
ASSESS  All of the forces point inward towards the center of the triangle.
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63. INTERPRET This problem involves finding the force on a wire loop carrying current due to the magnetic field of
a nearby straight wire also carrying current.
DEVELOP See the figure below. At any given distance from the long, straight wire, the force on a current element
in the top segment cancels that on a corresponding element in the bottom. The force on the near side (parallel
currents) is attractive, and that on the far side (antiparallel currents) is repulsive. The force is given by Equation
26.5, F = Il x B, where the magnetic field may be found using Equation 26.10, B = 1,l/(27ty), where y is the

distance from the straight wire.

- -
dFtop =—dFyy
I, - 20 AT I, — 500mA—>
I
|
|
|
| dF,

- I, |—~dF.,
dFpeqr [« $Bwire 10 cm o
!

!
|

%S.O}cmﬂ
20cm

=
¥ deol

EVALUATE Performing the sum and inserting the given quantities gives

g M{;Lj
27[ ynear yfar

ul (1 | (47x107 N/A?)(20 A)(0.50 A)(0.10m) (5
N [2.0cm_7.00mj_ o L0.14m

]=7.1><106 N
2r

ASSESS Notice that this expression reduces to Equation 26.10 for Yy, — oo, as expected.

64. INTERPRET The system is a long conducting rod having a non-uniform current density. We are interested in the
magnetic field strength both inside and outside the rod. The problem involves Ampere’s law.
DEVELOP The magnetic field of a long conducting rod is approximately cylindrically symmetric, as discussed in
Section 26.8. The magnetic field can be found by using Ampere’s law (Equation 26.17)

@ é : dr = IUO I encircled
EVALUATE (a) Inside the rod, Ampere’s law can be used to find the field, as in Example 26.8, by integrating the

current density over a smaller cross-sectional area that corresponds to | for an amperian loop with r <R Then,

encircled

T by ANS
D eirered = | 3o —=(2727dr ) = —2—

encircled '('; 0 R( ) 3R
Here, area elements were chosen to be circular rings of radius r, thickness dr, and area dA=2zrdr. Ampere’s law
thus gives 27rB = |, iea> OF
B — #O‘]Or ’
3R

for r<R
(b) The field outside (r = R) is given by Equation 26.17, and has direction circling the rod according to the right-
hand rule. The total current can be related to the current density by integrating over the cross-sectional area of the rod:

= = for 27 R
| =jJ ~dA=£J0E(27rdr)=T°

The magnetic field outside the wire is then
B= IUOI — lu()‘]OIQ2
2rr 3r
forrzR
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65.

66.

67.

68.

ASSESS The magnetic field increases as #* inside the rod, but decreases as 1/r outside the rod. At r = R, both
expressions give the same result: B(r = R) = #,J,R/3.

INTERPRET This problem involves Ampere’s law, which we can use to find the magnetic field inside and outside

a conducting pipe that carries current.
DEVELOP Apply Ampere’s law, Equation 26.17 to both situations. Inside the pipe, there is no current enclosed

by the Amperian loop. Outside the pipe, the current enclosed is L.

EVALUATE (a) Because there is no current enclosed inside the pipe, the magnetic field is zero (B = 0) inside the
pipe.

(b) Outside the pipe, the field is cylindrically symmetric (provided we are far, compared to the pipe radius, from

the pipe ends), so Amperes law gives

Cﬁ é .dr =B2xr = ,uolcncloscd

ASSESS The field outside a hollow pipe is just like that outside a wire (see Example 26.7).

INTERPRET This problem involves Ampere’s law, which we can use to find the magnetic field surrounding a
coaxial cable that carries equal but opposite currents on its inner and outer conductors.

DEVELOP For the magnetic field inside the inner conductor, the problem is exactly the same as Example 26.7, so
we can apply Equation 26.19. Outside the outer conductor, the total current is zero, so the magnetic field is zero by
Ampere’s law (Equation 26.17). Between the two conductors, we can use the result from Example 26.7 for the
field outside a wire.

EVALUATE (a) From Example 26.17, the field inside the wire is B = g, Ir / (27[612) .

(b) Between the inner and outer conductors, the field is B = | / (27zr) .

(c) Outside the coaxial cable, the magnetic field is zero (B = 0).

ASSESS Inside the outer conductors, the field is
B(27r) =y, (l—ﬂ'r2 +ﬂ'b2)

B ] (1—7rr2+ﬂb2)

2rr

INTERPRET This problem deals with the magnetic field of a current-carrying solenoid. We are interested in the
number of turns the solenoid has and the power it dissipates.

DEVELOP A length-diameter ratio of 10 to 1 is large enough for Equation 26.20, B = gnl, to be a good
approximation to the field near the solenoid’s center. This is the equation we shall use to calculate the number of
turns. On the other hand, the power the solenoid dissipates is given by Equation 2.4.8a, P=1’R

EVALUATE (a) Using Equation 26.21, we find the number of turns per unit length to be

-1
n=_B - 10 T =23x10° m™

Mol (47x107 N/A)(35 A)

This implies that the total number of turns is N =nL =2.3x10".
(b) A direct current is used in the solenoid, so the power dissipated (Joule heat) is

P=1’R=(35A) (27 Q)=33kW

ASSESS That’s a lot of turns in one meter. The solenoid is very tightly wound to produce such a strong field at its
center.

INTERPRET This problem involves finding the magnetic field for two different wire configurations, given the
current and the geometrical parameters.

DEVELOP Apply Equation 26.21, B = gnl, to find the magnetic field inside the solenoid. The maximum loop
density is one loop per wire diameter, or n = 1/d = 2000 m"'. The magnetic field at the center of a flat,

circular current loop can be found from Equation 26.9, B =yl /(Za) , where 27a = 10 m, or a = (10 m)/(27x).
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EVALUATE (a) Inserting the given quantities gives the magnetic field B at the solenoid center as
B=u,nl =(47x107 N/A”)(2000m™)(15A) =3.8x10” T
(b) The magnetic field at the center of the loop is
gy 27(4mx107 NIAT)(15 A)

=5.9%10° T
2a 2(10 m)

ASSESS  To verify that the use of Equation 26.21 is justified, we should verify that the solenoid length is much,
much greater than its radius. The length of the solenoid is

L= d[m_mj =(0.50x107 m)lo—mzs.o cm
2ra 27(0.010m)

which is essentially an order of magnitude larger than the solenoid diameter (anything over a factor of three is
about an order of magnitude, see the scale of a log; plot). Thus, the use of Equation 26.21 is justified. Notice also
that the magnetic field in the solenoid is 4 orders of magnitude larger than at the center of a single loop.

69. INTERPRET In this problem we are asked to derive to expression for the magnetic field of a solenoid by treating it
as being made up of a large number of current loops.
DEVELOP Consider a small length of solenoid, dx, to be like a coil of radius R and current nl dx. Using Equation
26.9, the axial field is

U,(nldx) R
B = 2 232
2(x"+RY)
with direction along the axis according to the right-hand rule. For a very long solenoid, we can integrate this from
X =—oco to X =+-oo to find the total field.
EVALUATE Integrating over dx from X =—co to X=+oo, we find the magnetic field to be

N R r dx  un R X
Y2 R 2 RIXR -

This is the expression given in Equation 26.20.

= Nl

ASSESS For a finite solenoid, a similar integral gives the field at any point on the axis only, for example, at the
center of a solenoid of length L,

HonIL
VL' +4R

70. INTERPRET This problem involves finding the distance from a lightening strike, which we will model as a long,

B(0)=

straight wire, at which the magnetic field strength is the same magnitude as the magnetic field of the Earth.

DEVELOP Solve Equation 26.10 of Example 26.4 for the distance y.
EVALUATE Inserting the given quantities, we find
gl (47x107 N/A%)(250 kA)

= =1.0 km
27B 272(50 uT)

y

ASSESS This seems like a reasonable distance.

71. INTERPRET This problem is about the magnetic field of a coaxial cable. Ampere’s law can be applied since the
current distribution has line symmetry.
DEVELOP For a long, straight cable, the magnetic field can be found from Ampere’s law. The field lines are
cylindrically symmetric and form closed loops, hence they must be concentric circles. If we choose Amperian
loops that correspond to these concentric circles, then B will be constant and parallel to dif, and Equation 26.16
reduces to

@ é dr = 27Z'rB = ,uol encircled

We will look at the field at different radii. As for the geometry of the coaxial cable, let
a=0.50 mm, b=5.0 mm, and ¢=0.2 mm, in correspondence with Figure 26.46.
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EVALUATE (a) For r =0.10 mm, this is within the radius, a, of the inner conductor. We will assume the current
is uniformly distributed over the cross-section of the conductor, so the encircled current will be

2 2
_ r _ r
Iencircled - l 2 | |
wa a

Plugging this into Ampere's law gives a field magnitude of
(47x107L7)(100 mA)(0.10 mm)
272(0.50 mm)’

B= lu()lencircled — lu()lr —
27t 2za’

=8.0 uT
(b) For r =5.0 mm, this is right at the inner radius, b, of the outer conductor, so the encircled current is just the
current, /, flowing in the inner conductor. The magnetic field here is

47x107 ™) (100 mA
( o) )=4.0 uT

B — luOI encircled _

27r 272(5.0 mm)

(c) For r =2.0 cm, this is beyond the outer radius, b+ c, of the outer conductor, so the encircled current includes

the two opposite flowing currents (I I -1= 0). Thus, the magnetic field here is zero.

encircled =
ASSESS This shows that the magnetic field increases linearly with radius (B oc r) inside the inner conductor until
it reaches its maximum at r = a. In between the conductors, the field decreases with radius as Be<1/r. Inside the

outer conductor, the field will decrease to zero according to:

Bzﬂ_()ll(b+C)2_r2]

277 | (b+c) —b?

At r =b+c, this gives B=0 as we would expect.

INTERPRET We are to find the magnetic field at various points around a loop that carries current. By making the
appropriate assumptions, we can directly apply the different formulas from Chapter 26, alleviating us from the
need to derive new expressions.

DEVELOP For part (a), we are to find the magnetic field 1.0 mm from a 15-cm-radius wire. At this distance, the
wire may be considered to be straight (because 1.0 mm <« 150 mm ), so we can apply Equation 26.10. For part (b),
we can apply Equation 26.9 with x> a, which gives
B u,la’
2x°
EVALUATE (a) Inserting the given quantities, we find a magnetic field to be
(47x107 N/A?)(2.0 A)

gotl _ —40G
21y 27(1.0x10” m)

(b) The magnetic field 3 m from the loop, on its axis, is
wlad  (47x107 N/A*)(2.0A)

- 4 =1.1x107 G
2x 2(3.0m)

ASSESS The field is much weaker at 3 m from the loop than at 1 mm, as expected.

INTERPRET This problem is about the magnetic field of a current-carrying conducting bar. Symmetry holds
approximately in certain limits.

DEVELOP Very near the conductor, but far from any edge, the field is like that due to a large current sheet.
On the other hand, very far from the conductor, the field is like that due to a long, straight wire.

EVALUATE (a) Approximating the bar by a large current sheet with J; =1/w, Equation 26.19 gives

B /u0|

2w
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(b) Approximating the bar by a long, straight wire. Equation 26.17 gives

B~ ol
2zr
ASSESS The conductor exhibits different approximate symmetries, depending on where the field point is chosen.

74. INTERPRET For this problem, we are to find the magnetic field inside and outside a hollow pipe around which
current circulates (see sketch below).
DEVELOP The current distribution is similar to a solenoid, where the number of turns per unit length and the
current in each turn are related to the total current in the pipe by nLI, =1. Therefore (see Section 26.8), the field is

approximately that of an infinite solenoid.
EVALUATE (a) Inside the pipe, the magnetic field is

leuonlt:lu_lil

(b) Outside the pipe, the current is zero because Icosea = 0 for an Amperian loop whose plane is perpendicular to
the cylinder axis.
ASSESS If we let L — oo, this is a perfect solenoid (note that 7 has to tend to infinity also!).

75. INTERPRET The system is a solid conducting wire having a non-uniform current density. We are interested in the
magnetic field strength both inside and outside the wire. This problem involves Ampere’s law.
DEVELOP The total current in the wire can be obtained by integrating the current density over the cross sectional

area (see sketch below). The magnetic field of a long conducting wire is approximately cylindrically symmetric, as
discussed in Section 26.8. The magnetic field can be found by using Ampere’s law:

@ B ' dr = /uO l encircled
- e Kr;pgrian IooEsZ

EVALUATE (a) Using thin rings as the area elements with dA=2zrdr, the total current in the wire (z axis out of
the page) is

2 3R 3

(b) A concentric Amperian loop outside the wire encircles the total current, so Ampere’s law gives

R g r e
=] JdA=£JO(1—Ej(2mdr)=2;zJ{———J =—7RJ,
0

27rB= | = 4, (%HRZJOJ

B U1, R
or

(c) Inside the wire, Ampere’s law gives 27rB=g,|_ . .. The calculation in part (a) shows that within a loop of
radius r <R,

r 2 3 r

Iencircledz_.-JdA=2ﬂ'JU r——r— =7[J0|’2 l—g

o 2 3R, 3R

Therefore,

2 3R
ASSESS At r = R both equations give B = x,J,R/6. The form is the same as that shown in Equation 26.17.

B = Hodf (1_ 2rj
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INTERPRET Given a rotating disk of uniform charge density, we are to find the magnetic field at the disk’s
center.

DEVELOP The disk may be considered to be composed of rings of radius r, thickness dr, and charge
dg=2zrodr. Each ring represents a circular current loop, dl=dq/T=dq / (27/ @)= wordr, which produces a
magnetic field strength dB = z,dI / (2r ): < U wodr at the center of the disk, directed out of the page, as sketched
below for positive charge density.

“

w dr

EVALUATE Performing the integration gives

B [dB = 402 f gy - £o0d
0 2 0 2

ASSESS  This is the same as for a loop with radius a and with current / = woa’.

INTERPRET You're designing a system to orient a satellite using the torque that the Earth's magnetic field will
induce on a current loop. You want the maximum torque possible, but you are limited to a fixed length of wire.
DEVELOP Let's assume that the loops are circular. The torque on such a loop is given by Equations 26.14 and
26.12:

r=|,[z>< B|= NIABsin @ = zrNIBsin 8

The current will be specified by the satellite's power supply. The magnetic field is that of the Earth's and the angle
@1is dependent on the satellite's orientation. What you need to determine is whether one turn (N = 1) or many turns
will give more torque, given that the total length of wire is set.

EVALUATE The wire length is related to the size and number of loops by: | =N (27zr ) Using this to eliminate r
from the torque equation gives:

2 ) .
r=z| ) NiBsing=_L| 1Bsin®
27N N 4

Since 7o<1/N,you'd get more torque from a single turn loop.
ASSESS  Although you gain by having more turns, you're losing more from reducing the area of the loop.

INTERPRET This problem involves a current-carrying bar that is maintained in equilibrium by the forces of
gravity and the magnetic force. At equilibrium, the two forces cancel exactly.

DEVELOP If the height 4 is small compared to the length of the rods, we can use Equation 26.11 for the repulsive
magnetic force between the horizontal rods (upward on the top rod)

E ML
B
2zh
The rod is in equilibrium when this equals its weight, F, =mg.
EVALUATE The equilibrium condition Fy =F; gives
a2 (47x107 N/A?)(66 A)’(0.95 m)

h
27mg 27(0.022 kg)(9.8 m/s” )

ASSESS The height £ is indeed small compared to 95 cm, so our assumption is justified.
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79. INTERPRET We are to find the force per unit length between a thin wire and a parallel ribbon, each of which
carry a current [.
DEVELOP Use the coordinate system shown in the figure below. The magnitude of the force per unit length on a
thin strip of ribbon, of width dx, carrying current | dx/w, is given by Equation 26.11:
& - ! (1dx/w)L N dF _ (1dx/w)
27z(a+x) L 27z(a+x)

where x is the distance from the near edge of the ribbon.

IT II %%dlzﬁdx

~{dx

EVALUATE Integrating the expression above from x = 0 to x = w gives a total force of

F oyl § dx =,uolzh{a+wj

L Zzw£a+x 2w a

The force is attractive since the currents are parallel.

ASSESS  Note that this expression reduces to Equation 26.11 for w =0 [using In(1 + &) = ¢+ ...].

80. INTERPRET We're looking for an expression for the magnetic field at the center of a square loop.
DEVELOP In Example 26.4, the Biot-Savart law was used to find the field from an infinite wire. In this case, we
have four wires of finite length, but much of the math will be the same. Let's assume the current moves around the
loop in a counterclockwise direction, as shown in the figure below. By the right-hand rule, the magnetic field
contributions from each of the four wires will all point out of the page. By symmetry, all the contributions are also
equal in magnitude, so the total magnetic field will just be 4 times the field from one of the wire segments.

-

1

B out of page
=4 o

EVALUATE The only difference in the magnetic field of a finite wire from that of an infinite wire is the limits of
the integration. So borrowing from Example 26.4, the magnetic field at a distance of a/2 from a wire that extends
from —a/2 to a/2 is

BZ#OI;E:-/Z).[:/Z i 2)\%/2
(x2+(a/2) )
al2
_ Al (a/2) x _ M
A (a/z)z\/x2+(a/2)2 i, V2ra

where we have used the integral table in Appendix A. The total field is 4 times this:
B —4p= 22l
wa
ASSESS  Our result for a single wire segment is smaller by a factor of 1/ V2 than the magnetic field from an

infinite wire at the same given distance. But the sum of the contributions from the 4 wires is in fact larger than that
from a single infinite wire. It might also be interesting to compare the magnetic field of a square loop to that of a
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83.

a

circular loop with the same area, a. From Equation 26.9, the field at the center of a circular loop with radius Tr
is: B= \/;,uol /2a. This means the magnetic field at the center of a square loop is roughly 1% bigger than the field
at the center of a circular loop.

INTERPRET We find the magnetic field at the center of a "real" solenoid of finite length, treating the solenoid as a
stack of individual coils. We use the formula for the magnetic field due to a single loop, and integrate.
DEVELOP As before in Problem 26.69, we can divide up the solenoid into infinitesimal loops with current of
nldx, where n is the number of turns of wire per length. Using Equation 26.9, the axial field from this infinitesimal
loop is

U, (nldx)a’

B = 2 25312
2(x*+a)

Now instead of integrating x from —oo to oo, we integrate from —I/2 to //2 to obtain the field at the center of the
finite length solenoid.
EVALUATE Performing the integration with help from the tables in Appendix A, we get
1/2
unla® iz dx unia’ X | u,nil
B= J. 2 N =
2 rx+a) 2 azx/x2+a2|_|/2 JI? 42

ASSESS  We can check this formula by letting | — oo, in which case the magnetic field becomes B = gnl, as
was already given for an infinite solenoid in Equation 26.21.

INTERPRET We are to find the force on a magnetic dipole located on the axis of a current loop by differentiating
the potential energy.

DEVELOP The potential energy of a dipole in a magnetic field is given by Equation 26.16 U =—z - B, where in
this case
= la? ~
B= ’uo—m|
2(x+a’)

and /i = ui .The force is F,=—dU/dx.

X

EVALUATE
Uo__ tlau
) 5 3/2
z(x +a )
SO
ulau -3x
F= S 2
2 (x+a%)
Atx=a,

Fotldu| 3a | suluf @ Jz 3l u

2| (2a )5/2 2 \42a’) s
ASSESS This force is opposite the direction of x, so it is an attractive force in this case.

INTERPRET We need to find the magnetic field necessary to create a certain force on a wire loop. We will model
this as a force on a wire in a uniform magnetic field.

DEVELOP The force on a wire in a magnetic field is F = ILxB. We will optimize our speaker design by making
Land B perpendicular, so F = ILB. From the coil diameter d = 0.035 m and number of turns N=100, we can find
the length of wire L. The current in the coil is given as | =2.1 A, and the force is F =14.8 N, so we will simply
solve for B.
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EVALUATE

_F__F _ 148N
CIL 1(zmd) (2.1 A)7(100)(3.5 cm)

ASSESS  This is a fairly high field strength, but reasonable for currently available permanent magnets.

=0.64T

84. INTERPRET We're asked to derive the formula for the magnetic field above a current sheet. We won't use
Ampere's law, as in Example 26.8, but instead we will integrate over an infinite number of wires.
DEVELOP Let's assume the sheet is in the x-y plane, and the current per unit width, J_, is in the y-direction. We

consider this sheet current to be made up of an infinite number of line currents with | = J.dx. We'll calculate the
magnetic field that these line currents produce at a point at X=0 and at a height z above the sheet. See the figure
below.

e

From Equation 26.10, each line current will generate a magnetic field at the chosen point that is inversely
proportional to the distance:

dB — IUO‘]dX — lu()‘]sdx
2 Y NP

where we use the subscript x to denote the location of the line current. It's clear that the field contribution,
dB

+X°

from the line current at +x will have the same magnitude as the field contribution, dB_,, from the line
current at —x. By the symmetry of the situation, the z-component of these two fields will cancel out, and we're left
with only their x-component: dB,,cosé. From the figure, we can see that cos@ = z/r. We combine the
contribution from the two line currents at +x and —x into one term:

dB:dB+xcost9+dfocost9:‘uOJSdX: Hod 20X
27r 7r(x2 + zz)

EVALUATE To find the total field, we integrate dB from O to co:

B:J-dB: /uovJSZJ'“’ dx — IUOJSZ ltan'l[ZJ :’UO_JS|:£_():| :%luo\]s
T 0(x2+zz) T |z z)|, = |2

where we have used the integral table in Appendix A, as well as the table of selected values of tan .

ASSESS  Assuming the current in the sheet points out of the paper as in the figure above, the magnetic field will
point to the left above the sheet and to the right below the sheet. This all agrees with the derivation in Example
26.8, but notice how much easier this problem is when you use Ampere's law.

85. INTERPRET You want to consider the possible effect that magnets used in magnet therapy might have on blood
flow.
DEVELOP You first have to estimate the typical current in a blood vessel. Each blood vessel carries a small
charge, =2 pC, and is moving at a speed of V=12 cm/s. There are roughly 5 billion blood cells per mL moving
through a vessel of diameter 3 mm. Plugging these values into Equation 24.2, the current flowing in the vessel is

| = nAqv:[szlLOg J[ﬂ'(;.?’ mm)z}(Z pC)(12 em/s) =8.5 mA

You can compute the Hall effect that a bar magnet would cause inside a current-carrying blood vessel.
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EVALUATE From Equation 26.6, the Hall potential is V,; = IB/nqt, where ¢ is the thickness of the conducting
material. In the case of blood, we can assume ¢ is just the diameter of the blood vessel, in which case the Hall
potential is

IB (8.5mA)(100 G)

"“nad  (5x10°/mL)(2 pC)(3 mm)

[\Y

This is roughly 10,000 times smaller than the electric potentials of bioelectric activity.
ASSESS A more straightforward way to calculate the Hall effect would be with V,, = vBd, which gives roughly
the same answer.

INTERPRET We consider the magnetic field generated by a toroid.
DEVELOP The magnetic field is symmetric around the axis of the toroid. We can therefore imagine an Amperian
loop that is a circle with radius r extending from the toroid's axis (as drawn in Figure 26.51b). The magnetic field

should be parallel to the tangent of the circle, so by Ampere's law,
é B ' dr =2zrB= IUOI encircled

EVALUATE For an Amperian loop inside the donut "hole," there is no encircled current, so B =0. Within the
region bounded by the coils, an Amperian loop will encircle the wires on the inner half of the toroid. In this case,
the encircled current is nonzero, and therefore so is the magnetic field. Lastly, at radii greater than the outer radius
of the toroid, the Amperian loop will encircle the inner part of the toroid, where the currents flow in one direction,
but it will also encircle the outer part of the toroid, where the same currents flow in the opposite direction.
Therefore the total current will be zero, and the magnetic field outside the coils will be zero.

The answer is (b).

ASSESS The toroid field is confined to inside the coils just like the infinite solenoid field in Figure 26.34.

INTERPRET We consider the magnetic field generated by a toroid.

DEVELOP As we explained in the previous problem, the magnetic field is symmetric around the axis of the
toroid.

EVALUATE By the right-hand rule, it's clear that the magnetic field lines have to be in the plane of the page. That
rules out choices (a) and (b). If the field lines were straight and pointing radially, that would seem to contradict
Gauss's law for magnetism, Equation 26.14. One could imagine a sphere centered around where the field was
radiating outward. The magnetic flux through this sphere would presumably be non-zero, as if there were a
magnetic monopole at the center of the toroid. Ruling out that possibility, we're left with circular field lines, which
agrees with the arguments made in the previous problem.

The answer is (d).

ASSESS  As described in Figure 26.8, charged particles will spiral around magnetic field lines. Therefore, inside a
toroid, charged particles will orbit essentially in a circle as they spiral around the field lines. This is how the
million degree fuel in a future fusion reactor will presumably be confined.

INTERPRET We consider the magnetic field generated by a toroid.
DEVELOP From Ampere's law, we know that the magnetic field is proportional to the enclosed current, which in
enclosed o N

EVALUATE If the number of turns is doubled, the magnetic field should double as well.

the case of the toroid is proportional to the number of coils: Bo< |

The answer is (a).
ASSESS To increase the magnetic field in a solenoid or toroid, it is often easier to wind more turns in the wire
than to increase the current.
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89. INTERPRET We consider the magnetic field generated by a toroid.
DEVELOP To find the field magnitude, we can use the Amperian circles that were introduced in Problem 26.86.
EVALUATE At a given radius, the magnetic field inside the coils will be
B — IUO NI
2rr

The answer is (d).
ASSESS We see here that the difference between the magnetic field in a solenoid and in a toroid is that in the
former the field is uniform (Equation 26.21) but in the latter it is not (B o< 1/ r) .
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