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CHAPTER 22
ANSWERS TO QUESTIONS

The charges are of opposite sign.

If the current is in a direction parallel or antiparallel to the magnetic field, then there is no force.
Yes, if the magnetic field is perpendicular to the plane of the loop, then there is no torque.

The geographic North Pole is a magnetic South Pole.

Straight down.

Domain alignment creates a stronger magnetic field, which in turn can align domains in other iron
samples.

Yes, either pole. Domains inside the iron nail are aligned along the magnetic field lines of the magnet.
The shock misaligns the domains. Heating will also decrease magnetism.

No total force, but a torque. Let wire one carry current in the
y—direction, toward the top of the page. Let wire two be a

millimeter above the plane of the paper and carry current to I
the right (in the x—direction). On the left-hand side of wire
one, it creates a magnetic field in the z—direction, which exerts A F2rﬁgght
force in the ixk=-j direction on wire two. On the B’ o )}

right-hand side, wire one produces magnetic field in the (-k)
HIZ ®

direction and makes a ix(—k)=+j force of equal magnitude B@ B

act on wire two. If wire two is free to move, its center section

will twist counterclockwise and then be attracted to wire one. /; Magnetic

Field

If you can hook a spring balance to the particle and measure the force on it in a known electric field,
then g=F/E will tell you its charge. You cannot hook a spring balance to an electron. Measuring the
acceleration of small particles by observing their deflection in known electric and magnetic fields can
tell you the charge—to-mass ratio, but not separately the charge or mass.

If the current loop feels a torque, it must be caused by a magnetic field. If the current loop feels no
torque, try a different orientation — the torque is zero if the field is along the axis of the loop.

The Earth’s magnetic field exerts force on a charged
incoming cosmic ray, tending to make it spiral around

a magnetic field line. If the particle energy is low B
enough the spiral will be tight enough that the particle /
will first hit some matter as it follows a field line down

into the atmosphere or to the surface at a high (\ J
geographic latitude.
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Chapter 22

The magnetic field created by wire 1 at the position of wire
2 is into the paper. Hence, the magnetic force on wire 2 is in
direction down X into the paper = to the right, away from
wire 1. Now wire 2 creates a magnetic field into the page at
the location of wire 1, so wire 1 feels force up xinto the
paper = left, away from wire 2.

Apply Ampere’s law to the circular path labeled 1 in the
picture. Since there is no current inside this path, the
magnetic field inside the tube must be zero. On the other
hand, the current through path 2 is the current carried by
the conductor. Therefore the magnetic field outside the
tube is nonzero.

The magnetic field inside a long solenoid is given by B = ugNI/ (. (a) If the length 0 is doubled, the
field is cut in half. (b) If N is doubled, the magnetic field is doubled.

The magnetic field near the Earth’s equator is horizontally north.
(a) If the velocity is down, v x B is east and qv x B for the negative electron is west.
(b) If vis north, v x B is zero and the electron is not deflected.

(c) If v is west, v x B is west x north in direction, namely down, and the electron is deflected up by
the qv x B force.

(d) If v is southeast, v x B is in direction southeast x north = up, and gqv x B deflects the electron
down.

BI . B v 1B® B A

o VX v &

v ®@_> I'x]')I:O 4_\‘\@«/ vxB k\% ®©
(a) (b) (© (d)

If one of the bars has its magnetic moment along its length, its magnetic field will likely be strongest at
its ends. Its end may attract the center of the other bar, while one end of the unmagnetized bar does
not attract the center of the bar magnet.

Magnetic levitation is illustrated in Figure Q22.20. The Earth’s magnetic field is so weak that the floor
of his tomb should be magnetized as well as his coffin. Alternatively, the floor of his tomb could be
made of superconducting material, which exerts a force of repulsion on any magnet.

The medium for any magnetic recording should be a hard ferromagnetic substance, so that thermal
vibrations will not rapidly erase the information.
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Chapter 22

(a) The magnets repel each other with a force equal to the weight of one of them.

(b) The pencil prevents motion to the side and prevents the magnets from rotating under their
mutual torques. Its constraint changes unstable equilibrium into stable.

(c) Most likely, the disks are magnetized perpendicular to their flat faces, making one face a north
pole and the other a south pole.

(d) Then if either were inverted they would attract each other and stick firmly together.

See Figure 31.7 in the textbook. A spiral of decreasing radius is the path of a charged particle that is
losing kinetic energy, as by collisions with atoms in the medium. Particles with positive and negative
charges make tracks curving in opposite directions. A straight line might be produced by an
uncharged particle, or by a particle with such high momentum that its deflection cannot be observed.

The qv xB force on each electron is down. Since electrons are negative, v x B must be up. With v to the
right, B must be (a) into the page, away from you. Reversing the current in the coils would reverse the
direction of B, making it toward you. Then v x B is in the direction right x toward you = down, and
gv x B will make the electron beam curve up.



Chapter 22

PROBLEM SOLUTIONS
221 (a) up © ,__?Elgl‘_lt__| (d).__.B_a,EAES_O—l
(b) out of th , since th — |,
charge is negative. — 0 /%?
S NSl

(c) no deflection

(d) into the page

222 () F;=qoBsin6=(1.60x107" C)(3.00x10° m/s)(3.00x 10! T)sin37.0°

Fy= 867x107 N

-14
(b) a:ﬁzw: 519%10% m/s2
m 1.67x107% kg

223 First find the speed of the electron.

=2.90%x10" m/s

AK =%mv2 —eAV =AU

2eAV \/2(1.60><10‘19 C)(2400J/C)
A

(9.11x107" kg)

(@) Fpmax =q0B=(1.60x107? C)(290x10” m/s)(1.70 T) = 7.90x107* N

(b)  Fg min =m occurs when v is either parallel to or anti-parallel to B.

22.4 Gravitational force: Fg =mg= (9.11 x 10731 kg)(9.80 m/sz) = 8.93x10™" N down
Electric force: F =gE= (—1.60 x107% C)(loo N/C down) =‘ 1.60x107Y N up ‘

Magnetic force:  Fz =qvxB=(~160x10"" C)(6.00x10° m/s E)x (50.0 x107° 7CN > N)
-m

Fz = —4.80x10"7 N up :‘ 4.80x10™ N down
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*22.5 F;=qvxB
i j k
vxB=42 -4 +1|=(12-2)i+(1+6)j+(4+4)k=10i+7j+8k
+1 +2 -3

[vxB|=110%+72+8% =146 T-m/s

\FB\zq\va\z(l.wxlo—” C)(14.6 T-m/s)= 2.34x1078 N

m02

*22.6  (a) We begin with quB = NS

or gRB =mv
But L =moR = gR*B
T -25 1.
Therefore, R= L = 4'0(1)9X 107 s o = 0.0500 m :‘ 5.00 cm
\ 4B (1.60 x10~ C)(l.oo %10~ T)
25 1.
(b) Thus, ool 4'00;10 s :‘ 8.78 x10° m/s‘
mR - (9.11x 107 kg}(0.0500 m)

027 E= %mvz = eAV

mvz

and evBsin90°=——
R

2mAV

_mv_m f2eAV_l
RV e

eR eR\ m

I 27 6
1 12(1.67 x 10 kg)(1190.0><10 V) _ 788x10-2 T ‘
1.60x107 C

T 580100 m \

*22.8 FB = FE
SO quB =qE
where v=+2K/m and K is kinetic energy of the electron.
12(750)(1.60x 1077 e
E-oB= | 2Kp- 750 - )(0.0150) = 244KV/m
Vom oV 911x10 SRS
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Chapter 22

In the velocity selector: V= E = w =7.14%10* m/s
B 0.0350 T
mo  (218x107 kg)(7.14x10* m/s)
In the deflection chamber: r=—b= =‘ 0.278 m ‘

qB (1.60x107 C)(0.0350 T)

Note that the “cyclotron frequency” is an angular speed. The motion of the proton is described by

>F =ma:

2
| q[vBsin90° = %

MB:mgzmw

7.66x10” rad/s

q|B (160x107° C)0.8N-s/Cm) kg.m
m (1.67x107 kg) N-s

2.68x10” m/s

v=wr=(7.66x10" rad/s)0.350 m) L
1rad

2
K=2mv? = (167 x10% kg)(2.68x10” m/s) LV 12 376x10° eV
2 2 1.6x107° ]

The proton gains 600 eV twice during each revolution, so the number of revolutions is

3.76 x10° eV
2(600 eV)

3
0=t t:g: 3.13><1§) rev (27rrad): 257 %10~ s
® 7.66%x10" rad/s\ 1rev

:‘ 3.13x10° revolutions

-1 25.0 1.00 cm 10 cm—

O=tan”| == |=682° and R==———=1.08cm ~N/

(10.0) sin68.2° Rbﬂ/ 0
Ignoring relativistic correction, the kinetic energy of the electrons is > 25 cm

1.0em
Smo® =qgAvV s0 vz\/wzl.%xlos m/s
m
mo?

From Newton’s second law R - quB, we find the magnetic field |

mo : 1 kg)(1.33x10° m/s
Como(911x107% kg )
- ‘Q‘R - (1.60>< 107" C)(l.OS %1072 m) =/ 70.1 mT
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*22.12 (a) If the charge carriers are negative, to carry current in the x direction they move with drift velocity
v, in the —x direction. The magnetic force gvxB is in the —(—i)x j=k direction, so the negative
charges are deflected to the top of the ribbon, point c. Some accumulate there to make V, negative
with respect to V,, until ...

‘VC_VH‘
d

(b) ... an upward electric field E = k exerts a downward force on the other charge carries to

let them drift in equilibrium according to

XF, =0:
V.-V,
Y= Yel g v, B fe=0
_|Avy
7 4B
Since the measured current is I :n‘q‘vdtd
we have I:n‘q‘%td
dB
IB
n=— ">
]| avy [t

Since we have shown that AV} is negative if g is negative, this expression simplifies to

1B
n:
22.13 Fg = [0 x B =(2.40 A)(0.750 m)ix (1.60 T)k = (-2.88j) N

[

*22.14 Fs| _mg _18xB] |
B B B x[x X X % I= X X X|x
XX X X X X X X X X|X
0.0400 ke /m)(9.80 m /s>
,_mg _ (00400 kg/m)080 /%) -l
BB 360T ><><><Bin><><><><><><

The direction of I in the bar is | to the right |
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22.15 The magnetic force on each bit of ring is IdsxB=1ds B
radially inward and upward, at angle 6 above the radial
line. The radially inward components tend to squeeze the
ring but all cancel out as forces. The upward components

Ids Bsin@ alladd to| I27rBsin€ up |
B, dF, ©
~\6 _ _ O3S
I I )
~ |

P E———

22.16 For each segment, I =5.00 A and B=0.0200N/A -mj
Segment 0 Fp =I(0 xB)
ab 0400 m j 0
be 0.400 m k (400 mN)(-) Na
cd ~0.400 m i + 0.400 m j ‘ (40.0 mN)(-k A T $ 4 ¥
B
da 0.400 m i —0.400 m k (40.0 mN)(k + 1)
2217 T =NBAIsin6
7=100(0.800 T)(0.400 x 0.300 m?)(1.20 A)sin60°
Y
t= 998N'm
; =43
Note that 6 is the angle between the magnetic | x
moment and the B field. The loop will rotate so as =~y 30° z/ Y
to align the magnetic moment with the B field. ~|

Looking down along the y-axis, the loop will

rotate in a| clockwise | direction.

*22.18 (a) 2rr=2.00m

SO r=0.318 m
p=1A=(17.0x107 A)[n(0.318)2 m2] =‘ 541 mA -m? ‘
(b) T=uxB

so  7=(541x107 A-m?)(0.800 T) =‘ 433 mN-m ‘
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Chapter 22

Let 6 represent the unknown angle; L, the total length of the wire; and d, the length of one side of
the square coil. Then, using the definition of magnetic moment and the right-hand rule in Figure
22.21, we find

u=NAI: u= (;)dzl at angle 6 with the horizontal.

At equilibrium, St=(uxB)-(rxmg) =0

(ILBd)sin(%.O" ~6)- (mfd)sine =0

and (W‘yd)sine = (ILBd)cosO
2 4

0 = tan"! ILB - tan-! (3.40 A)(4.00 m)(O.OlOOZT) _ 3970
2mg 2(0.100 kg)(9.80 m / s7)

T, = (ILfd)cose = %(3.40 A)(4.00 m)(0.0100 T)(0.100 m)cos3.97° =‘ 3.39 mN-m ‘

Choose U = 0 when the dipole moment is at 6 = 90.0° to the field. The field exerts torque of
magnitude uBsin® on the dipole, tending to turn the dipole moment in the direction of
decreasing 6. According to equations 7.13 and 10.28, the potential energy of the dipole-field
system is given by

0 . 6
U—O=J'90.00 ,LtBSln@d9=,uB(—COSO)‘90.00 =—uBcosh +0 or U=-p'B
po bl _ Foi®/27R) Ty o
2R 2R
We use the Biot-Savart law. For bits of wire along the straight-line I
sections, ds is at 0° or 180° to t, so ds X T = 0. Thus, only the curved
section of wire contributes to B at P. Hence, ds is tangent to the arc ////
and r is radially inward; so ds X t = ‘ds‘ﬂsin90° =‘ds‘®. All points Puc” -~ .
along the curve are the same distance r = 0.600 m from the field .\\:)\30‘0
point, so RN
I|dsx £
B=[|dB| = &¥=&%ﬂds\=&%s
4r 7 dmy dmy
all current
where s is the arc length of the curved wire,
2r
5= 16 =(0.600 m)(30.0°)( ) 0314 m
360°
Then, B=(107 T-m/ A)M(o.am m) B= 261nT into the page
(0.600 m)




Chapter 22

47 %1077 )(1.00 A
*22.23 p= Kol =( )
2rr 27(1.00 m)

*22.24

) 7
:‘ 2.00x107 T

We can think of the total magnetic field as the superposition of the field due to the long straight

wire (having magnitude pyI/27R and directed into the page) and the field due to the circular

loop (having magnitude 1yI/2R and directed into the page). The resultant magnetic field is:

B= (1 + i)‘l;;{[ (directed into the page)

22.25 For leg 1, ds x f = 0, so there is no
contribution to the field from this segment.
For leg 2, the wire is only semi-infinite; thus,

Mol

1[ Mol ;
B=_| 20 [= into the paper
2[277:3(] 4 x pap

*22.26 Along the axis of a circular loop of radius R,

2
__ MKeIR
B= )3/2

2(x2 +R2

3/2
or B_|__ 1
By |(x/R)*+1

where By = uol/2R

L]
: ‘-—A
I

B Along Axis of Circular Loop

1
0.8
B g
0.2
0} :
0 1 2 3 4
x/R
x/R B/ B,
0.00 1.00
1.00 0.354
2.00 0.0894
3.00 0.0316
4.00 0.0143
5.00 0.00754
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*22.27 Label the wires 1, 2, and 3 as shown in Figure (a) and let the I/@\l
magnetic field created by the currents in these wires be VAR N
B;, B,, and Bj respectively. L7 :a AN I
/ N
(a) AtPoint A: o — _a__‘_ 4 _e--2_@®
AN Bl 4
\\ | // 3
B =B, = Mol _ S
271'(51\52) NV
1® 2
and By = Mol Figure (a)
27(3a)

The directions of these fields are shown in Figure (b). Observe
that the horizontal components of B; and B, cancel while their

vertical components both add to Bj.

Therefore, the net field at point A is:

B4 =B;cos45.0°+ B, cos45.0°+ B3 = 501[/22 c0s45.0° + ;]
Tal

Figure (b)

- (47107 T-m/A)2.00 A) [ 2 ] B, | B1

5 ——c0s45° + 1
2;:(1.00 %10~ m) V%l g(y
|
o

\32 3

B, =| 53.3 uT toward the bottom of the page

C
(b) Atpoint B: B, and B, cancel, l
B3
leavin Bp, =B __Hol .
g B = D3 = 27(2a) Figure (c)

(47107 T-m/A}(2.00 A)
By =
27(2)(1.00x 107 m)

= 20.0 uT toward the bottom of the page

. ol
c) Atpoint C: B,=B,=——"—
(© P ! 2 277:({1\/5)

and B; = 5—01 with the directions shown in Figure (c). Again, the horizontal components of
ma

B; and B, cancel. The vertical components both oppose B3 giving

Be=2 ol _cosa500 —W=“(’I[2cos45.0°—1]= 0
27[(51\;“2) 2ra  2mal N
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Every element of current creates magnetic field in the same direction, into the page, at the center

of the arc. The upper straight portion creates one-half of the field that an infinitely long straight

wire would create. The curved portion creates one quarter of the field that a circular loop

. . . I

produces at its center. The lower straight segment also creates field %éli
Tr

The total field is

1 ,uol 1,u«01 1 'LL()I . ‘uol(l 1) .
B=a0gr ta oy T2y, |mtoth = ——| =+ | into the pl f th
(227” 4 gp Doy |MOMEPABET (7 Ty ) O e PlAne OT e Papet

=(0.284154p] / ) into the page

Above the pair of wires, the field out of the page of the 50 A y
current will be stronger than the (-k) field of the 30 A
current, so they cannot add to zero. Between the wires, both
produce fields into the page. They can only add to zero

below the wires, at coordinate y = —|y|. Here the total field is

Lol (T dol e

2rr

50 A

30 A

oMo 50A
|y

27 (|y[+0.28 m

)(—k) + (k)

50/ |=30(|y|+0.28 m)

50(—y)=30(0.28 m —y)

—20y =30(0.28 m) | aty =-0.420 m

TN
At y=0.1m the total field is B= LOI@+LOI :

2mr o2nr
7
po X107 Tm/A( S0A 0 30A L e s
21 (0.28-0.10) m 0.10 m

The force on the particle is

F=qvxB=(-2x10"° C)(150x10° m/s}(i) x (116 x10™* N-s/C-m)(~k) = 3.47x 10" N(-j)

We require  F, =3.47 10 N(+j) = qE =(-2x10° C)E

So E= -1.73x10* jN/C
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22.30 Let both wires carry current in the x direction, the firstat y=0 v
[,=5.00 A
and the second at y =10.0 cm. ———>——y =10.0cm
[1=8.00 A ¢
ol . (47x107 T-m/A)(5.00 A) B e @
(@ B=-Uk= k X
2z 27(0.100 m) z

B= 1.00x10™° T out of the page

(b) Fy=I0xB=(8.00 A)[(l.oo m)ix (1.00x 107 T)k] = (8.00x107° N)(j)

“\SV

47 %107 T-m/A}(8.00 A
() B= L()I(—k) = ( 2720100 m))( )(—k) = (1.60 x107° T)(—k) @,

F; =8.00x10™> N toward the first wire

2rr

B= 1.60x10™° T into the page

(d) Fy=I0xB=(500 A)[(1.00 m)ix(1.60x10 T)(~k)] = (8.00x10° N)(+) ﬂ?

F; = 8.00x10™° N towards the second wire ‘

bAn
e p
~

22.31 By symmetry, we note that the magnetic forces on the top and bottom
segments of the rectangle cancel. The net force on the vertical
segments of the rectangle is (using Equation 22.27)

2n c+a)

( 1 1). ﬂolllzﬁ[ —a ].
——li=— i
c+a ¢ o

F=F +F, = 7“0;1120
T

_ (47x107 N/A?)(5.00 A)(10.0 A)(0.450 m)

—0.150 m ;
2r

(0.100 m)(0.250 m)

F= (—2.70 x107° i) N

or F= 2.70x10 N toward the left
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To attract, both currents must be to the right. The attraction is 20 A>
described by
I by
F=1,0Bsin90° = [,0 £~ "
2y
So  I,=LZFr_ (320x10° N/m) 72” (05 m) =400 A
0 ol (47x107 N-s/C-m)(20 A)
Let y represent the distance of the zero-field point below the upper wire.
I uol &/ Uy (20 A 40 A
Then B=20" W +Hol ¢ 0=t =2 +—— 2 (toward
e 27y QS\? 2 Y 2|y (away) (0.5m-y) (toward)
20(0.5 m —y) = 40y 20(0.5 m) =60y

y = 0.167 m below the upper wire

Each wire is distant from P by

(0.200 m)cos45.0°=0.141 m

Each wire produces a field at P of equal magnitude:

-7
I :(2.00><10 T-m/A)(5.00 A)
A7 2ra (0.141 m)

=7.07 uT

Carrying currents into the page, A produces at P a
field of 7.07 uT to the left and down at —135°, while
B creates a field to the right and down at — 45°.
Carrying currents toward you, C produces a field
downward and to the right at — 45°, while D’s
contribution is downward and to the left. The total
field is then

4(7.07 uT)sin 45.0° =| 20.0 uT toward the bottom of the page

Let the current I be to the right. It creates a field B = ugl/2md at the proton’s location. And we
have a balance between the weight of the proton and the magnetic force

mg (= j) + qu(—1) x % (k) =0 at a distance d from the wire
T

L qol _ (1.60x 107 C)(2.30x10* m/s)(47x 107 T-m/A)(1.20x10° A) _ 5.40 om
2mmg 21(1.67 x10 kg)(9.80 m/s?)
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From Ampere’s law, the magnetic field at point a is given by B, = uyl,/2nr,, where I, is the net
current through the area of the circle of radius r,. In this case, I, =1.00 A out of the page (the
current in the inner conductor), so

(47x107 T-m/A)(1.00 A)

B, = =| 200 uT toward top of page
’ 27(1.00x10~ m|
Similarly at point b: By, = 50—%, where I, is the net current through the area of the circle having
Try
radius r;,.

Taking out of the page as positive, I, =1.00 A-3.00 A=-2.00 A, or I, =2.00 A into the page.
Therefore,

(47107 T-m/A})(2.00 A)
27(3.00x107% m)

B, = =‘ 133 uT toward bottom of page

_ upNI (47107 T-m/A)(900)(14.0x10° A)

Binner = = 360T
e 2y 27(0.700 m) It
NI (2x107 T-m/A)(900)(14.0x10° A)
outer — - =194T
2rr 1.30 m

One wire feels force due to the field of the other ninety-nine.

47 x107 T-m/A)(99)(2.00 A)(0.200x 1072 m
= Holor _ ( )( X )( )z 317x107° T

2R 27(0.500%10°2 m)2

This field points tangent to a circle of radius 0.200 cm and exerts force
F = 1§ x B toward the center of the bundle, on the single hundredth wire:

F/ 0 =IBsin® =(2.00 A)(3.17x107 T)sin90° = 634 mN/m

B _

) 6.34%107° N/m inward

Be<r, so B is greatest at the outside of the bundle. Since each wire carries

the same current, Fis greatest at the outer surface .

2B 27(1.00x107°)(0.100) S0 A

From §B-df = o, I

U 4 x1077
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Chapter 22

We assume the current is vertically upward.

Consider a circle of radius r slightly less than R. It encloses no current so from
§B-ds = pylinige B(2wr)=0

we conclude that the magnetic field is zero.

Now let the r be barely larger than R. Ampere’s law becomes B(27£ R) = Uol,

g = Mol

50 " 27R

i
The field’s direction is Jj tangent to the wall of the cylinder in a counterclockwise sense

Consider a strip of the wall of width dx and length 0. Its width is so small compared to 27 R that
the field at its location would be essentially unchanged if the current in the strip were turned off.

The current it carries is Iy = ldx up
2n R
2
The force on it is F=I0xB= ddx 12'“—01 up X into page= % radially inward
2z R\ 27nR 4n°R
The pressure on the strip and everywhere on the cylinder is I
F o ul0dx 12 17
=—=-—0 =t inward v

A 4n?R%0dx (27R)?

The pinch effect makes an effective demonstration when an aluminum
can crushes itself as it carries a large current along its length.

Ermr
pl

. o 0 . . £
The resistance of the wire is R, = p—2, so it carries current I = -
r e

If there is a single layer of windings, the number of turns per length is the reciprocal of the wire
diameter: n=1/2r.

wEnr?  pEnr (4xx107 T-m/A)200 V)7(2.00x107 m)

So, B=nuyl = = = 464 mT
O pi(2r)  2p0 2(1.70x10* @-m)(10.0 m)
1.00x107* T)0.400 m
B=uy Nl so I=D = ( - ) = 31.8mA
0 Uon (47r><10_ T-m/A)lOOO
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(a)

Chapter 22

Let the axis of the solenoid lie along the y—axis from y =0 to y = {. We will determine the field at
y = a. This point will be inside the solenoid if 0 <a < { and outside if 4<0 or a> (. We think of
solenoid as formed of rings, each of thickness dy. Now I is the symbol for the current in each turn
of wire and the number of turns per length is (N/0). So the number of turns in the ring is (N/{)dy
and the current in the ring is I, = I(N/£)dy. Now we use the result of Example 22.6 for the field
created by one ring:

2
:uOIringR
3/2
2(x* +R?)

Bring =

where x is the name of the distance from the center of the ring, at location y, to the field point
x =a—y. Each ring creates field in the same direction, along our y—axis, so the whole field of the

solenoid is
N 2
s oy MolingR® o Ml AYRTy NR? dy
_2 ring_z 2 23/2_'[0 2 23/2_ 2,0 J‘O 5 5
all rings 2(9( + R ) 2(({1 — ]/) +R ) 2(((1 — y) +R )

3/2

To perform the integral we change variables to u=a-y.

B UoINR? IH —du

20 Ja (u2+R2)3/2

and then use the table of integrals in the appendix:

a—10
‘ a a—1

va® +R? \/(a—f)z +R?

g MoINR® | WIN
20 R22 4R, 20

If 0 is much larger than R and a=0,

5o uOIN[O_ 0 ]z 1IN

we have —
20 02 20

This is just half the magnitude of the field deep within the solenoid. We would get the same result
by substituting a = { to describe the other end.

=22 u=1A=|2L|zr? = 927x107* A-m?
2rcr 2wy

The Bohr model predicts the correct magnetic moment. However, the
“planetary model” is seriously deficient in other regards.

Because the electron is (=), its [conventional] current is clockwise, as

seen from above, and u points| downward |
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(a)

Chapter 22

We model a sample of material magnetized to saturation as a collection of equal parallel magnetic
moments. The field B they together produce must be proportional to the value of each magnetic
moment y. The field must be proportional to the magnetic permeability of space p,, as in
equation 22.26. The uniform average field is finally proportional to the number density of the
magnetic moments. Although we do not prove it here, the proportionality constant is exactly 1.
We have B = uyuxn where n is the number of atoms per volume and x is the number of electrons
per atom contributing.

B 200T

Then x= Lot = (8.50>< 1028 m’3)(9.27 % 10724 N-m/T)(‘lﬂ x107 T-m/A

=‘ 2.02 ‘
)

Let N be the number of charges. For the vehicle we want

XF, =0: -mg + NquBsin90° =0

mg 5x10* kg(9.8 m/s?)
~ quB 107 C(400 km/h)(1000/k)(1 h/3600 s)(0.1 N -s/C-m)

= 4x10

The energy per distance is the effective force required to propel the vehicle:

W __Wit_9
Ax Ax/t v

P 10%(10° J/5)(3600 s/1h)
v 400x10° m/h

=900 N = (900 J/ m)(16109 n

): 1.4%10° J/mi

mi

We call 20 mi/gal the fuel economy. Then 1 gal/20 mi is the measure of energy use in which we
are interested:

W _ 1gal (3.786 L)[m—?’ m3J(754 kg)(40x106 ]): 5.7%10° | /mi

Ax  20mi( 1gal 1L m? kg

One automobile passenger uses chemical energy at the rate 5.7x10° J/mi. One Transrapid
passenger uses electric energy at the rate

1.4x10° J/mi

100 =1.4x10* J/mi, | smaller by 400 times |,

If we suppose that electric energy must be generated by burning a fossil fuel with limited
efficiency, then a fair comparison is between the output energies propelling the vehicles, namely

0.20(5.7><106 ]/mi)=1.1><106 J/mi for the car and 1.4x10* J/mi for the maglev vehicle. The
latter is 80 times smaller.

The dependence of American society on gasoline is a dangerous and destructive addiction which
we cannot continue in the long run.
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Chapter 22

The element ds is a distance r from P. The direction of the P

field at P due to this element is out of the page, since ds X T is r o

out of the page. In fact, all elements give contributions e

directly out of the page at P. Therefore we have only to N\ 0 X

determine the magnitude of the field. ‘ ds —_—
«—— X —>» I

Since ds =1idx in this case,

we see that |dsx T |= dxsin®

using this in Equation 22.17,

JB = Loldxsme

e get 1
wes ar  ¢? @

In order to integrate this expression, we must relate the variables 6, x, and r. One approach is to
express x and r in terms of 6. From the geometry in figure 22.47a and some simple differentiation,
we obtain the following relationships:

r= .a =qacsch (2)

s

Since tanf = _4 from the right triangle in Figure 22.47a, we have x = -acot#, so
X

dx =acsc’>0do (3)

Substitution of (2) and (3) into (1) gives

B = 2ol sinode @)
Ama

Thus, we have reduced the expression to one involving only the variable 6. We can now obtain
the total field at P by integrating (4) over all elements that subtend angles ranging from 6, to 6,,
as defined in Figure 22.47. This gives

0.
p=Hol 2sir10d@=/'L—Ol(cosel—cosez) i\
4ma’o 4ra L,
4 h N
We can apply this result to find the magnetic field of any /\/31 a \\,(?i ¥
straight wire — if we know the geometry and the hence the

angles 6; and 0,. |

Consider the point P a distance 4 from the wire. Then for an
infinite wire,

01 —0
and 0, — —r radians
and B= Hol.
2ra



Chapter 22

2248 (a) Define vector h to have the downward direction of the current,
and vector L to be along the pipe into the page as shown. The

electric current experiences a magnetic force

I(h x B) in the direction of L.

(b) The sodium, consisting of ions and electrons, flows along the
pipe transporting no net charge. But inside the section of length
L, electrons drift upward to constitute downward electric
current J X (area) = JLw.

The current then feels a magnetic force I ‘ hxB ‘ =JLwhBsin90°

This force along the pipe axis will make the fluid move,
exerting pressure

F__JLwhB =‘ JLB‘
area hw
22.49 The boundary between a region of strong magnetic |

field and a region of zero field cannot be perfectly ®
sharp, but we ignore the thickness of the transition |

zone. In the field the electron moves on an arc of a (ONONO,

(OO0,

O]

circle: |

>F = ma: O |

2
‘ q ‘vBsin90° =
’

o |q|B_(1:60x107 C)(107 N-s/C-m)
PO T (9.11x107" kg)

=1.76 x10® rad /s
The time for one half revolution is,

from A6 =wAt

ar=B0_ mrad o000 g

® 176x10° rad/s

(b) The maximum depth of penetration is the radius of the path.

Then ©=wr=(176x10° s)(0.02 m)=351x10° m/s

5.62x1078 J.e

1.2 1 -31 6 2_ 18 7 _ _
and  K=_mo?=(9.11x107" kg)(3.51x10° m/s) =5.62x10 R SETE o

‘ 351eV ‘
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(a)

(a)

Chapter 22

The magnetic force on each proton, Fz = gv x B = gvBsin90° downward
perpendicular to velocity, causes centripetal acceleration, guiding it into -
a circular path of radius r, with 1.00m
2
mo
vB=—-
I r
»
mo
and r=—
9B o
We compute this radius by first finding the proton’s speed:

1.2
Kzf
5 mo

=3.10x10" m/s

2K “2(5.00><106 e\/)(1.60><10‘19 J/ev)

o= |——=
\'m J 1.67x107 kg

mo  (1.67x107 kg)(3.10x10” m/s)

Now, r=—= o =6.46 m
9B (1.60x10™ C)(0.0500 N-5/C-m)

From the figure, observe that

1.00m Im

sin o = =
r 6.46 m

o =8.90°

The magnitude of the proton momentum stays constant, and its final y component is

~(1.67x10™ kg)(3.10x 107 m/s)sin8.90°:‘ —8.00x107% kg-m/s

The net force is the Lorentz force given by

F=gE+qvxB=g(E+vXxB)
F=(320x107%)[(4i - 1j-2k) +(2i +3j - 1k) x (2i + 4+ 1k)| N

Carrying out the indicated operations, we find:

F= (3.52i-1.60j)x107"® N

0= cos_l(Fx) =cos | — 3.52 =| 24.4°
F 1/(3.52)7 +(1.60)°
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(a)

(a)

Chapter 22

Let v, and v, be the components of the velocity of the positron

parallel to and perpendicular to the direction of the magnetic
field.

The pitch of trajectory is the distance moved along x by the
positron during each period, T (see Equation 22.5)

o 2rm
p=0,T =(v cos85.0 )[Bq J

(5.00%10°)(cos85.0°)(27)(9.11x 10"

= 1.04x10% m

P= 0.150(1.60 1077
From Equation 22.3, p= 0L L MOSIH 850
Bq Bq
(9.11x107")(5.00x 10°)(sin 85.0°) »
= . :‘ 1.89x10™* m
(0.150)(1.60x 10~ SR

XF, =0: +n-mg=0

XF =0: —n+1Bdsin90.0° =0

0.100(0.200 kg)(9.80 m /s>
g tmg _ 0100 B) ) =‘ 39.2 mT ‘
Id (10.0 A)(0.500 m)

The magnetic force acting on ions in the blood stream will
deflect positive charges toward point A and negative
charges toward point B. This separation of charges produces
an electric field directed from A toward B. At equilibrium,
the electric force caused by this field must balance the
magnetic force, so

AV
quB=qE = q(d)

AV (160x107 V)
D=——=
Bd (0.0400 T)(3.00x107 m)

= 1.33m/s

No |. Negative ions moving in the direction of v would be deflected toward point B, giving A a

higher potential than B. Positive ions moving in the direction of v would be deflected toward A,
again giving A a higher potential than B. Therefore, the sign of the potential difference does not
depend on whether the ions in the blood are positively or negatively charged.
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*22.55 Suppose the input power is
120 W = (120 V)I: I~1A=1OOA‘
Suppose ® = 2000 rev/ min( 16r(r)1isn )( 217rrrezi7d) ~200 rad/s
and the output power is 20W=7w=17(200rad/s)  7~10" N-m ‘
Suppose the area is about (3 cm) x (4 cm), or ‘ A~107 m? ‘
Suppose that the field is ‘ B~107' T ‘

Then, the number of turns in the coil may be found from 7 = NIAB:

0.1N-m ~N(1C/s)(107°> m?)(107" N-s/C-m)

giving N ~10°

HoIR?
2(x2 +R2

2
B=B,, +B,, = Hoik ! + !

2 (x2 +R2)3/2 ((R—x)2 +R2)3/2

2256 (a) Useequation 22.23 twice: B, =

)3/2

l«—R—>|

B UoIR? 1 . 1
2 (x2 + R2)3/ ? (2R2 e 2xR)

3/2

If each coil has N turns, the field is just N times larger.

dB _ uIR*[ 3 2, p2Y/2 3(hp2 2 -5/2
(b) —-="0= —J(@0)(x?+R?) T =2 (2R* + 27 - 2xR) (24— 2R)
Substituting x = g and canceling terms, Z—B =0
x

’B — 2 -5/2 -7/2 -5/2 -7/2
d—f:M[(x% R?) / —52%(x?+ R?) / +(2R%+ x?-21R) 2 5x ~ R)*(2R%+ x?~ 2R / }
dx 2

. - R . d°B
Again substituting x = > and canceling terms, i 0
x
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(a)

Chapter 22

8.00x10% A-m?
9.27x107%* A -m?

Number of unpaired electrons = = 8.63x10%

Each iron atom has two unpaired electrons, so the number of iron atoms required is
1 45
E(8.63><10 )

(4.31x10* atoms)(7900 kg/m?)

= 4.01x10% k
(8.50 %1028 atoms/m3) &

Mass =

Model the two wires as straight parallel wires (!)

2
() K= Hol”l (Equation 22.27)
2rwa
47 x1077)(140)?(27)(0.100
s =( )( ) 3)( )= 246 N lupward
27[(1.00>< 10~ )
246 N —myy,8 5
(b)  mgep = m—oop = 107 m/s° |upward 10A
loop -—
—
—
e
140 A
ol (47x107 T-m/A)(1.00x10* A) 5
B=-+-0_— =2.00x107° T =| 20.0 uT
27 R 27(100 m)
4rx107 T-m/A)240A)
(a) B= Hol =( )( )= 274x107* T
2nr 27(0.0175 m) I ——

(c)

At point C, conductor AB produces a field %(2.74 x107* T)(—j), @ conductor DE produces a

field of %(2.74 x107* T)(—j), ;//)b BD produces no field, and AE produces negligible field. The

total field at Cis | 2.74x107* T(-j)

Fz = [0 X B = (24.0 A)(0.0350 m k) x [5(2.74 x107* T)(—j)] = (1.15 x107 N)i W

sF_ (115%107° N)i

m  3.00x107° kg

(0.384 m/ sz)i

The bar is already so far from AE that it moves through nearly constant magnetic field. The force

acting on the bar is constant, and therefore the bar’s | acceleration is constant

v =0 +2ax =0+ 2(0.384 m/sz)(1.30 m), $0 vy = (0.999 m/s)i
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(a) On the axis of a current loop, the magnetic field is givenby B=

Chapter 22

HoIR?
2(x2 + R2)3/2

2
where in this case I = —1—. Therefore, B= %
(27 / o) 47r(x2 +R2)
2
when x:B, then B= HooR 2/2 = _Hog®
2 4 (5 2) 2.5./57R
m ;R
z
I M«‘ J, (out of paper)
Jo==
0 °
j— _..._ _l
B B
From Ampere’s Law, 3§B ds = 1] l | : | 1
I
X e |
HoJ e !
B-20 = ugJ 0 B:% IL o |
ol —
]
W™
5/2 -5 6
T S | _29%BR 2 (7.00x107° T)(6.37 x10° m)
2(R2+R2)3/2 25/2R Ho (47 %107 T-m/A]
s0 ‘ 1=201x10" A ‘toward the west
Start with the force on a small segment of wire 2, given ¥
by dF=1dsxB (Equation 22.11), where, in this case, ‘
I=1, and B is the magnetic field due to wire 1 at the Wirel F
position of the segment of wire 2 of length dx. From N Wire 2
Ampere’s law, the field at the distance x from wire 1 is
— x
B= “Lll(_k) I dx
2mx

where the field points into the page, as indicated by the
unit vector notation (-k). Taking the length of our

A
segment as ds = dxi we find ]—

dF:M[ix(_k)]dFMdij <«o>l«—b—>»
2w x 2t x

L

Integrating this equation between the limits x =a to x =a+1b gives

F= Holila y vt Hohla In(l + b) j.
2r i 2n a

The force points upward, as shown in Figure 22.64.
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Chapter 22

Consider a longitudinal filament of the strip of width
dr as shown in the sketch. The contribution to the field
at point P due to the current dI in the element dr is

dp = ol
2rr
where dl = I(dr / w)

b+wu01dr ol w
B=[dB= | k= = In[1+ |k
b 2rwr 2rw b

191



10.

12.

14.

16.

18.

20.

22,

24.

26.

28.

30.

32.

34.

192

Chapter 22

ANSWERS TO EVEN NUMBERED PROBLEMS

(a) 8.67x107* N (b) 5.19x10'® m/s?

8.93x10™" N down, 1.60x 107" N up, 4.80x1077 N down

(a) 5.00 cm (b) 8.78x10° m/s

244kV/m

(@) 7.66x107 rad/s (b) 26.8Mm/s (c)
(d) 3.13x10° rev (e) 257 us

(a) See the solution (b) n=1IB/qtAVy

0.109 A to the right

ab: 0, be: <40.0mN i, c¢d: —40.0 mN k, da: (40.01i + 40.0 k) mN
(@ 541mA-m? (b) 4.33mN'm

See the solution

261 nT into the page

(1 + 1)#0[ directed into the page
) 2R

See the solution
(1ol / 2r)(1/ m +1/ 4) into the plane of the paper

(@) 10.0uT out of the page (b) 80.0 uN toward the first wire
(¢) 16.0uT into the page (d) 80.0 uN toward the second wire

0.167 m below the upper wire, 0.333 m above the lower wire

5.40 cm

3.76 MeV
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60.

62.

64.

Chapter 22

(@) 3.60T (b) 1.94T
500 A

464 mT

UoIN a a—1

@ 20 | T2, o2 / 2 | p2
va“+R J(@a=20)"+R

(b) See the solution

2.02

(@) 1.4MJ/mi (b) 5.7MJ/mi (c) 1/400

(@) The electric current feels a magnetic force. (b) See the solution
(@) -8.00x107* kgm/s (b) 8.90°

(@) 1.04x107* m (b) 1.89x107* m

(a) 1.33m/s

(b) No. Positive ions moving toward you in magnetic field to the right feel upward magnetic force,
and migrate upward in the blood vessel. Negative ions moving toward you feel downward
magnetic force and accumulate at the bottom of this section of vessel. Thus both species can
participate in the generation of the same emf.

See the solution

(a) 246 Nup (b) 107 m/s? up
() 274 uT (b) —274j uT © 1.15imN
(d) 0384 i m/s? (e) acceleration is constant (f) 0999im/s

B:#OT]Sk forx>0 and B:—‘HOT]Sk forx <0

See the solution
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