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CHAPTER 30 AMPERE’S LAW

CHaprEr 30

Answer to Checkpoint Questions

L

(a), (¢), (b)

b, ¢, a

d, tie of a and ¢, then b

(d), (a), tie of (b) and (¢) (zero)

Answer to Questions

A B Ol i o

e e S S G = S O
S Tk W= O

[y
X

¢), (d), then (a) and (b) tie
a) into; (b) greater
nd 4

o

(

(

2

(0, (a), (8

(@), (b), (¢) (see Eq. 30-11)
(0, (a), (8

(), (d), (a) (zero)

(@) 1,3, 2; (b) less than
(a) 1, +5 2, —y; (D) 1, +y; 2, +o
a, b, ¢

outward

a, tie of b and d, then ¢
c and d tie, then b, a

b, a, d, ¢ (zero)

(d), then tie of (a) and (e), then (d), (¢)

(a) 2 opposite 4; (b) 2 and 4 opposite 6; (¢) 1 and 5 opposite 3 and 6; (d) 1 and 5

opposite 2, 3, and 4

0 (scalar product is zero)
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18. (a) 4a; (b) 3d

Solutions to Exercises & Problems

1E
Solve 2 from Eq. 30-6:

2B 2m(88.0 x 1072 m)(7.30 x 10~° T)
. _ = 3214
Lo 47 x 1077 T-m/A

2E
Use Eq. 30-6:
. _7 .
g fot _ (47 x 107" T-m/A)(50 A) T 10-3T.
27r 27(2.6 x 1073 m/2)
3E

(@) The magnitude of the magnetic field due to the current in the wire, at a point a distance
r from the wire, is given by .
B=1"
27r

Put r =20ft =6.10m. Then

(47 x 1077 T-m/A)(100 A)

B =
27(6.10m)

=33x107°T =3.3uT.

b) This is about one-sixth the magnitude of the Earth’s field. It will affect the compass
g
reading.

4E
The current i due to the electron flow is i = ne = (5.6 x 10'*/5)(1.6 x 10717 C) = 9.0 x
1075 A. Thus

B ot (47 x 1077 T-m/A)(9.0 x 107° A)

— — =1.2x107%T.
omr 27(1.5 x 102 m) 8
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5E
Use B(x, y, 2) = (po/47)i As x v/r?, where As = Asjand r = i+ yj+ zk. Thus

B( - po\ 1 Asjx (zi+yj+zk)  peitAs(zi—axk)
SR SR 7 (22 +y2 +22)3/2  drp(a? 4 ys 4+ 22)3/27

(47 x 1077 T-m/A)(2.0A)(3.0 x 1072 m)(5.0m) i
4702 + 02 + (5.0m)2]3/2
=(24x 10711 T.

B(0, 0, 5.0m) =

(b) B(0, 6.0m, 0), since = z = 0.

(¢)
_ (47 x 107" T-m/A)(2.0A)(3.0 x 1072 m)(—7.0m) k
B(7.0m, 7.0m, 0) = Ir{(7.0m % + (7.0 m)2 1 07372
=(43x 107" K)T.
(d)
_ (4r x 1077 T-m/A)(2.0A)(3.0 x 1072 m)(3.0m) k
B(—3.0m, —4.0m, 0) = l(—3.0m)2 1 (—4.0m)? + 0772
=(1.4x107"°K)T.
6E

The points must be along a line parallel to the wire and a distance r from it, where r
satisfies

ot
Bwire - - Bext )

2wy
. ( T m/A)(100 A)
Lho? 126 x 107 T-m 100 _3
" B 27(5.0 x 10-3 T) eom
7E

(@) The field due to the wire, at a point 8.0 cm from the wire, must be 39 4T and must be
directed due south. Since B = poi/27r,

. 27rB 27(0.080m)(39 x 107°T)
1= = =16A.
Lo 47 x 1077 T-m/A
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(b) The current must be from west to east to produce a field to the south at points below
it.

8E
Set up a coordinate system as shown to the right.
The B-field at the location of the charge ¢ is

ot
B=—1(-k).
27rd( )
Thus )
Hol current
Fq:qVXB:ﬁ(kXV)

(a¢) Now v = v(—1) so

[0tV . [otqu .
F, = k —1) = —
1 27d x (=) 27d (=),

i.e., F, has a magnitude of pig2qv/2nd and is directed against the current direction.
(b) Now the direction v is reversed so F, = pgiqv j/2nd.

9E
The straight segment of the wire produces no magnetic fields at C. The field from the two
semi-circular loop cancel at C'. So B¢ = 0.

10E

Use the same coordinated system as in 8E. Then F, = (—eppiv/2nd)( k X v), as obtained
there.

(a¢) Now v = v(—1) so

_ poievj (126 x 107°T-m/A)(50A)(1.6 x 107! C)(1.0 x 107 m/s)j
- 27d 27(5.0 x 1072 m)
=(32x1071°N)j.

F.

(¢c) Nowv=dvksoF, x k xv=0.

11P
(a) The straight segment of the wire produces no magnetic field at C.
(b) For the semicircular loop

4 r3 4 r3

_ (pod)(mr) — pot
. 47R?2 4R

B |ds><r|_ﬂ_o@'/ rds
loop

loop
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B points into the page.
(¢) The same as (b), since the straight segments do not contribute to B.

12P
Since sections AH and JD do not contribute to B¢, we only need to consider the two arcs.
For the smaller arc

B Ho / idSl Xr /Lol Rl dSl /Lol.e
—_= _ _— e —
< 4r r3 4 R3 4R, 7

where e is a unit vector pointing into the page. Similarly, for the larger arc

/,Loie
Beo = — .
C2 iR,
Thus (Ry— R))
Mot fvy — L1y )€
c c1+ Bes iR R,
13P

First find the magnetic field of a circular arc at
its center. Let ds be an infinitesimal segment of
the arc and r be the vector from the segment to
the arc center. ds and r are perpendicular to each
other, so the contribution of the segment to the
field at the center has magnitude

fotds

drr?

dB =

The field is into the page if the current is from left to right in the diagram and out of the
page if the current is from right to left. All segments contribute magnetic fields in the same
direction. Furthermore r is the same for all of them. Thus the magnitude of the total field
at the center is given by
fots — fotd
C4mr? 4

Here s is the arc length and 6 is the angle (in radians) subtended by the arc at its center.
The second expression was obtained by replacing s with rf. 6 must be in radians for this
expression to be valid.
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Now consider the circuit of Fig. 30-41a. The magnetic field produced by the inner arc
has magnitude pyi6/47b and is out of the page. The field produced by the outer arc has
magnitude poi6/4wa and is into the page. The two straight segments of the circuit do not
produce fields at the center of the arcs because the vector r from any point on them to the
center is parallel or antiparallel to the current at that point. If the positive direction is out
of the page then the total magnetic field at the center is

B:MOie l_l ‘
47 b a

Since b < a the total field is out of the page.

14P

Label the various sections of the wires as shown.
Firstly, the sections a, and ¢y do not coutribute to
B at point O, as point O lies on the straight line
coinciding with a; and ¢;3. Secondly, the B-field due
to the curved sections b; and by cancel each other
at point . This leaves us just a; and ¢;. Finally, if
we relocate ¢; to ¢}, its contribution to the B-field
at O will not change. Note that ay and ¢| together
do form an infinite straight wire carrying a current
¢ to the left.

15P
(a) The contribution to B, due to the straight sections of the wire is

/,Loie

Ba — a_p
V7 orR

where e is a unit vector which points out of the page. For the bent section (see 12P)

/,Loie
B, = )
7 4R

Thus

Ba:Ba Ba, = a5\ a5
1+ Bao 2R<7r+2>e
47 x 1077 T-m/A)10A) /1 1
_ (4 x m/A) )<_+ )e:(1.0X10_3T)e-

2(5.0 x 10~3 m) T2

(b) Now we only need to consider the two straight wires:

_ 2ugie 2(4m x 107" T-m/A)(10A)e

B, = = =(80x 107" T)e.
"= 9rR 27(5.0 x 10— m) (80> 107 T)e
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Here the factor of 2 in the numerator is due to the fact that two wires are involved.

16P

Sum the fields of the two straight wires and the circular arc. Look at the derivation of the
expression for the field of a long straight wire, leading to Eq. 30-6. Since the wires we are
considering are infinite in only one direction the field of either of them is half the field of
an infinite wire. That is, the magnitude is pgi/47r, where r is the distance from the end
of the wire to the center of the arc. It is the radius of the arc. The fields of both wires are
out of the page at the center of the arc.

Now find an expression for the field of the arc, at its center. Divide the arc into infinitesimal
segments. Each segment produces a field in the same direction. If ds is the length of a
segment the magnitude of the field it produces at the arc center is (puoi/4nr?)ds. If 0 is
the angle subtended by the arc in radians, then r6 is the length of the arc and the total
field of the arc is poi6/4nr. For the arc of the diagram the field is into the page. The total
field at the center, due to the wires and arc together, is

) ) 0 )
B:MOZ—I—MOZ—MOZ :MOZ(Q—G).
drr drr 4y 4y

For this to vanish 8 must be 2 radians.

17P

Put the = axis along the wire with the origin
at the midpoint and the current in the positive
x direction. All segments of the wire produce
magnetic fields at P that are into the page so we
simply divide the wire into infinitesimal segments
and sum the fields due to all the segments. The
diagram shows one infinitesimal segment, with
width dx. According to the Biot-Savart law the
magnitude of the field it produces at P is given
by

JB — /,L_oisine
4 r2

§ and r are functions of x. Replace r with Va2 + R? and sinf with R/r = R/Va? + R?,
then integrate from @ = —L/2 to + = L/2. The total field is

dx .

L/2

B HoiR /”2 dx iR 1 @ ot L
o d4r —L/2 (22 + R2)3/2 ~ 4r R (22 + R?)1/? —L/2 - 27rR /I + AR?

If L > R then R? in the denominator can be ignored and

— ILLOZ
2R
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is obtained. This is the field of a long straight wire. For points close to a finite wire the
field is quite similar to that of an infinitely long wire.

18P

Follow the same steps as in the solution of 17P above but replace R with D, change the
lower limit of integration to —L, and change the upper limit to 0. The magnitude of the
total field is

oD [° de _peiD 1 x e L
CAm J_p (224 D232 Ax D? (224 D2)V/2|_,  4xD /L2y D%’

B

19P
You can easily check that each of the four sides produces the same magnetic field By at the
center of the square. Apply the result of 17P for By and let R = a/2 and L = a to obtain

Y a B 2v/2 i

B =4B, = =
"7 2n(a)2) (a2 + a2)1/2 Ta

20P
The B-field produced by the four sides of the rectangle have the same direction. For each
of the two longer sides (see 17P)

/,Loi L

BL= sy e weie

Similarly for each of the shorter sides

B — [o? w
VT 9n(L)2) (L2 + W)/
Thus
2/,L01L 2MOW
B =2B; +2Bw =
L+ 2bw W(LE + W?2)1/2 + xL(L? + W2)1/?
B 2MOZ(L2 T W2)1/2
B LW '
For L > W . .
B 2ppt L _ 210
LW W’

which 1s consistent with Eq. 30-15 for W = 2d and = = 0.
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21P
When the fields of the four sides are summed vectorially the horizontal components add to
zero. The vertical components are all the same, so the total field is given by

4B 4B
Bioial = 4B cosf = ¢ _ ¢

2R Vaz? + a2

Thus
4pgia?

m(4a? + a?)V4x? + 2a? '

Btotal -

For = 0 the expression reduces to

4pgia’ B 22101
a2\ 2a - ma

B total —

in agreement with the result of 19P.

22P
The square has sides of length L/4. The magnetic field at the center of the square is given
by the result of 19P, with @ = L/4 and = = 0. It is

8201 _ ) gy o

T xL

By =

The radius of the circle is R = L/2x. Use Eq. 30-28 of the text, with R = L/27 and z = 0.
The field is , .
T Mot Hol
=987T—.
L 7L

The square produces the larger magnetic field.

Bcirc -

23P
Since ds is parallel to r,

.
Bro/ZSSXr:O.

7

Let e be a unit vector unit vector pointing into the page.
At point P

B, _ Mo ids xr  pgie [ sinfds
P yx r3 4rx r? V
_ ppre /a adr  qpipre /a adx
CodAr Sy oy Ar [y (a® a2)3/? X

. \/iﬂoie

8ra
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24P
Obviously, Bps = Bpg = 0,
o P
2 ’
Bp1 = Bpz = V2ot ; 3 |
8ma \
1 \
and Y 1 |
2,&0@ I I
Bpis = Bp: =
P4 s 87 (2a) 2 |
(see 23P). Thus 4
6
6
Bp = Z Bp, =(Bp1 + Bpy)e — (Bps + Bps e 5
n=1
_ 9 \/i/loi _ \/§/loi e — \/§/~Loie
B 8ma 167a -~ 8ma
where e is a unit vector pointing into the page.
25P 1 5
Let e be a unit vector pointing into the page. Use I
the results of 18P and 23P to calculate Bpy through 8 } 3
Bps e
. . P
V2 2pgi |
Bpy = Bpg = = ) ‘
8n(a/4) 2ra \ Y
\ |
B g V2l V2 7 | A
i P 87 (3a/4) 6ra |
Lot 3a/4 ‘
T dn(af) T [(Ba/4? + (af 4P ‘
V107a’
and . .
Bps = Bpg = —H20  — a/4 _ Mot
’ ° 7 4x(3a/4) "~ [(a/4)? + (3a/4)2]' /2 T 3\/10%a
Finally,
8
Bp = Z Bpne
n=1
' 2 2 3 1
= QM <£ L_ 4+ — 4+ —
Ta \ 2 6 V10 3V10
2(47 x 1077 T-m/A)(10A) /2 L V2, 3 N 1
= —+—+ =+ —F= e
7(8.0 x 102 m) 2 V10 3v10

=(20x107*T)e,



810 CHAPTER 30 AMPERE’S LAW

where e is a unit vector pointing into the page.

26P
Consider a section of the ribbon of thickness dz located a distance x away from point P.
The current it carries is di = ¢ da/w, and its contribution to Bp is

Thus

B —/dB _ fot /d+wdx_/,L0i1 14 =
P P_27rwd c  2mw d)’

and Bp points upward.

27E

(@) If the currents are parallel, the two fields are in opposite directions in the region between
the wires. Since the currents are the same the total field is zero along the line that runs
halfway between the wires. There is no possible current for which the field does not vanish.

(b) If the currents are antiparallel, the fields are in the same direction in the region between
the wires. At a point halfway between they have the same magnitude, poi/27r. Thus the
total field at the midpoint has magnitude B = pgi/7r and

mrB 7(0.040 m)(300 X 109 T)

= =30A.
" 47 x 107 T-m/A
28E
The point P at which Bp = 0 form a line parallel o o
to both currents passing through the line joining the 1, =3 1=l
two wires, as shown. Note that Bp; o i1/rq, and ©® e *d**’ d'r177@
Bpy x iz2/(d—r1). Let Bpy = Bpg to obtain iy /rq = PG
i2/(d —ry). Solve for rq:
11d 3ud 3d
m = = —

41, 3i+i 4

29E
The current i, carried by wire 2 must be out of the page. Since Bpy o i1/ry where
i7 =6.5A and r; = 0.75cm + 1.5 cm = 2.25 cm, and Bpy o iy /ry where 1, = 1.5 cm, from

Bp, = Bpy we get
. . T2 1.5cm
"2 “(7“1) (6.5 )<2.25cm> 3
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30E
Lable these wires 1 through 5, left to right. Then

-2 -2
pot” (1 1 1 1, 250027\ .
F, = LRI I
LT an <d+2d+3d+4dJ 24rd )?
(13)(47 x 107 T-m/A)(3.00 A)2(1.00 m)j
247(8.00 x 102 m)

= (4.69 x 107°T)j;

-2 -2
Lo? 1 1. Lot \ . 5 .
F, — S )= — (1.88 x 1075 T)j;

27 on <2d+3d>J (127rd>'] (1.88 x i

F3 = 0 (because of symmetry); Fy = —F,; and F5 = —F.
31E
Consider, for example, © > d. Then in Fig. 30-10 the direction of By is reversed, and

[ol frol potd
B(x) = ‘Ba(:z:) — Bb(l')‘: 27(d + ) - 2(z — d) - m(dZ —a?)"

32E
(a) Refer to the figure to the right. We have

Bp = |B1, + Bg|
= 2By cos b

ot
= 2(27rd\/§> cos @
(47 x 1077 T-m/A)(100 A )(cos 45°)/2
(10 x 1072 m)
=40x107*T.

B p points to the left.

(b) Reverse the direction of Br in the figure above but keep its magnitude unchanged.
Obviously Bp still has a magnitude of 4.0 x 107* T but now points up the page.

33P
ForO<z<d




812 CHAPTER 30 AMPERE’S LAW

and for z > d

B B Lo? Lot B Lot
Blo) = Bulr) 4 Bl = 5 0 Y onle —d) ~ w(a? — )

20

10 {+ -
B(x) o0
(mT)

—10-

—20 | | | | | |

-2 -15 -1 —0.5 0 0.5 1 15 2
x (cm)

The same expression for B(x) is valid for # < 0 due to symmetry.

34P

Each wire produces a field with magnitude given by B = poi¢/27r, where r is the distance
from the corner of the square to the center. According to the Pythagorean theorem the
diagonal of the square has length v2a, so r = a/v/2 and B = pyi/v/2ma. The fields due
to the wires at the upper left and lower right corners both point toward the upper right
corner of the square. The fields due to the wires at the upper right and lower left corners
both point toward the upper left corner. The horizontal components cancel and the vertical
components sum to

/,Loi ° 2/10@

cos4hH” = ——

\/§7ra wa
2(47r x 107 T- m/A)(20 A)

= =80x107°T.
7(0.20m) 8

Btotal =4

In the calculation cos45° was replaced with 1/v/2. The total field points up the page.
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35P
Refer to the figure as shown. For example, the force
on wire 1 is
Fy =|Fi3 + Fis + Fpy
= 2F12 cos @ + F13

-2 -2
Hot o Hot

=2 cos45° +
(27ra> 2V2ra

-2
— 0.338(’“‘” ) .
a

F; points from wire 1 to the center of the square.

36P
Use Fy = F14+Foy + F34. The components of Fy
are then given by y
F,, = —F,; —Fyscos8 e y *4‘2
B pot?  pgi? cos 45° S
2ra 2V2ra /// |
_ 3wl P
 dna AF41 K |
% \
and K |
F43 " 6=450 :
F4y = F41 — F42 sin 0 - (2] 4 3 X
B pot?  poi? sin 45°
~ 27a 2/2ra Fa2
_ pot?
dra
Thus

1/2
3,&0@2 2 /Loiz 2 vV 10,&0@2
Fa = (FZI + ny)l/z - [<_ dra ) + dma = 4ra

and F, makes an angle ¢ with the positive = axis, where

F 1
¢ =tan"! <F4y> = tan™! <—§> = 162°.
dx
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37P
(@) From the figure to the right

Bp = |B1 —|—B2| = 231 cos 8

)
totd
27[R% 4 (d/2)?]
B 2uped
TR+ %)

(b) Bp points to the right, as shown.

38P
The forces on the two sides of length b cancel out. For the remaining two sides

. MOiliZL l 1 . ,ulllzb
- 2r a a+d) 2ra(a + b)
(1.26 x 105 T -m/A)(30 A)(20 A)(8.0cm)(30 x 102 m)

27(1.0cm + 8.0 cm)

F

=32x107*N,

and F points toward the wire.

39P
Consider a segment of the projectile between x and

x+dz. Use Eq. 30-13 to find the magnetic force on wire 1
the segment:

&

dF = dF, + dF,
=i(dxi) x By(x) 4+ i(dxi) x By(a)
= i[Bi(x) + Ba(x)] jdu

| ot ot .
= d
! dra +47r(2R—|—w—:1;) 4%,

—on—+ -2 =
=
S.
3
)

where j is a unit vector pointing to the right. Here
we used the expression for the magnetic field of a

semi-infinite wire. Thus
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2y BT/ 1 pot? w
F=[dF =— —+ = | jdz = In{1+—=1j.
/ i Jg (x—I_ZR—I—w—:L')J ! 27 n( +R>J

(b) Use AK = 1mv?C = Wext = [ F-ds for the projectile:

2”ext 12 2 g /“LOZ.2 w
= =|— In(14 = |d
v ( m ) m/o om + r)"

B [2(47r x 1077 T-m/A)(450 x 10° A)2(4.0m)In(1 + 1.20m/6.7cm)] 12
2

1/2

27(10 x 10-3 kg)
3 x10°m/s.

40E

(a) Two of the currents are out of the page and one is into the page, so the net current
enclosed by the path is 2.0 A, out of the page. Since the path is traversed in the clockwise
sense a current into the page is positive and a current out of the page is negative, as
indicated by the right-hand rule associated with Ampere’s law. Thus

7{B-ds = ot = —(2.0A)(4r x 107" T-m/A) = 2.5 x 107 °T-m.

(b) The net current enclosed by the path is zero (two currents are out of the page and two
are into the page), so § B-ds = pp7 = 0.

41E
A close look at the path reveals that only currents no.1 and no.6 are enclosed. Thus

%B -ds = MO(GZO — Zo) = 5/10@ .

42FE

The area enclosed by the loop L is A = (4d)(3d) = 6d*. Thus

1
2

%Bds:/xoz :MojA

= (47 x 107" T-m/A)(15A/m?)(6)(0.20m)? = 4.5 x 107 T-m .

43E

Use Eq. 30-22 for the B-field inside the wire and 30-19 for that ouside the wire. The plot
is shown in the next page.



816 CHAPTER 30 AMPERE’S LAW

inside | outside

| | | |
r(cm
0 1 2 3 4 5 s r(cm

44P
Use Ampere’s law: § B-ds = figz, where the integral is around a closed loop and ¢ is the
net current through the loop. For path 1

%B ~ds = p19(—5.0A +3.0A) = (—2.0A)(4r x 1077 T-m/A)

1
=—25%x107°T-m;

and for path 2

7{B -ds = p1o(—5.0A —5.0A —3.0A) = (—=13.0A)(47 x 107" T-m/A)

2
= —-16%x10"°T-m.

45P

Use Ampere’s law. For the dotted loop shown on the diagram ¢ = 0. The integral [ B-ds
is zero along the bottom, right, and top sides of the loop. Along the right side the field is
zero, along the top and bottom sides the field is perpendicular to ds. If ¢ is the length of
the left edge then direct integration yields § B-ds = B(, where B is the magnitude of the
field at the left side of the loop. Since neither B nor { is zero, Ampere’s law is contradicted.
We conclude that the geometry shown for the magnetic field lines is in error. The lines
actually bulge outward and their density decreases gradually, not precipitously as shown.

46P
(a) For the circular path L of radius r concentric with the conductor

m(r? — %)

%LB < ds = 27TTB(T) — MOienclosed = Molm )
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Thus

B(r) = 27r(a/éoi b?) (rz ; bQ) ‘

. 5 19 .
B Lot a® —b"\  pot
Bla) = 2n(a? — b?) ( a ) - 27a

Atr =10, B(b)xr*—0*=0. Forb=0

(b) At r = q,

. 2 .

fot T tolr
B(r)= 0L _ o
(r) 2ra? r 27ra?

47P
Use fs -dB = 2nrB = /«LOienclosedy or B = /“Loienclosed/Qﬂ'T.
(a) r<c:

B(T) _ 1407 encl _ to? nr? _ [otr ‘

2mr 27mr \ wc? D)
(b)e<r<b | |
B(T) — Holencl _ Hot
2nr 2rr
(c)b<r<a
B(r) _ 407 encl _ Lol 1_ 7r(r2 — b2) _ Moi(az —7“2) |

2 2mr m(a? — %) 2nr(a? — b?)

(d) r > a:

B(T) _ Ho? encl —0.

27r
(e) For example, check what happens if b = ¢. In this case the expressions in (a), (b) and
(¢) above should yield the same result at » = b = ¢. This is indeed the case.

(/)
B (mT)

r (cm)
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48P
For r < a,
.enc ose: " " J 2
B(T)ZMOZ losed _ Mo / J(r)?ﬁrdrzﬂ—o/ Jo "Norrdr = £2107
27r 27r J, 27 Jo a 3a
49P

The field at the center of the pipe (point C) is due to the wire alone, with a magnitude of

B — MOiWire _ MOiWire
“~ 27(3R)  67R

For the wire we have Bp wire > B¢, wire, 50 for Bp = Be = B¢, wire, twire must be into the
page:
Holwire Ho?

2rR  2n(2R)’

BP - BP, wire — BP,pipe =

Let Be = —Bp to obtain iy = 31/8.

50P

(a) Take the magnetic field at a point within the hole to be the sum of the fields due to two
current distributions. The first is the solid cylinder obtained by filling the hole and has a
current density that is the same as that in the original cylinder with the hole. The second
is the solid cylinder that fills the hole. It has a current density with the same magnitude
as that of the original cylinder but it is in the opposite direction. Notice that if these two

situations are superposed the total current in the region of the hole is zero.

Recall that a solid cylinder carrying current ¢, uniformly distributed over a cross section,
produces a magnetic field with magnitude B = pgir/27R* a distance r from its axis, inside
the cylinder. Here R is the radius of the cylinder.

For the cylinder of this problem the current density is

7 7
J_Z_ﬁ(a2—62)7

where A [= m(a® —b?)] is the cross-sectional area of the cylinder with the hole. The current
in the cylinder without the hole is

1a?
a2 — b2

I =JA=nJa* =

and the magnetic field it produces at a point inside, a distance r; from its axis, has mag-

nitude o .
B — poliry _ HotTa _ HotT
! 27ra? 2ra?(a? —b2)  27w(a? — %)’
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The current in the cylinder that fills the hole is

ib?

a? — b2

I2 :7TJZ)2 ==

and the field it produces at a point inside, a distance ry from the its axis, has magnitude

B, — polaro _ Moirzb2 _ HolTs
2 27h? 27b%(a? — b?)  27w(a? —b%)°

At the center of the hole this field is zero and the field there is exactly the same as it would
be if the hole were filled. Place ry = d in the expression for B; and obtain

totd
B=——7—-.
2n(a? — b?)

for the field at the center of the hole. The field points upward in the diagram if the current
is out of the page.

(b) If b = 0 the formula for the field becomes

- 27a?’

B

This correctly gives the field of a solid cylinder carrying a uniform current i, at a point
inside the cylinder a distance d from the axis. If d = 0 the formula gives B = (0. This is
correct for the field on the axis of a cylindrical shell carrying a uniform current.

(¢) The diagram shows the situation in a cross-sectional
plane of the cylinder. P is a point within the hole, A is
on the axis of the cylinder, and C' is on the axis of the
hole. The magnetic field due to the cylinder without
the hole, carrying a uniform current out of the page, is
labeled B; and the magnetic field of the cylinder that
fills the hole, carrying a uniform current into the page,
is labeled By. The line from A to P makes the angle
#, with the line that joins the centers of the cylinders
and the line from C' to P makes the angle 6, with that
line, as shown. B; is perpendicular to the line from
A to P and so makes the angle 6; with the vertical.
Similarly, B, is perpendicular to the line from C to P
and so makes the angle 6, with the vertical.

The x component of the total field is

Hotlr2 .
sin By —

Bx:stin92—B1siH91:m (a2 — b2)

_ fol
- 2n(a? — b?)

[rosinfy — ry sinfy] .
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As the diagram shows rysinfy = rysinfy, so B, = 0. The y component is given by

i ir
B, = Bycosfy + By cost = % cos 05 + % cos 8,
7
= m [ro cos By 4 1y cos ] .
The diagram shows that ry cosfy + 11 cos 8y = d, so
d
B, = twid
2n(a? — b?)

This is identical to the result found in part (a) for the field on the axis of the hole. It is
independent of ry, ro, 61, and 8, showing that the field is uniform in the hole.

51P
(a) Suppose the field is not parallel to the sheet, as shown
in the upper diagram. Reverse the direction of the cur- —

rent. According to the Biot-Savart law the field reverses, |
so it will be as in the second diagram. Now rotate the
sheet by 180° about a line that perpendicular to the sheet.
The field, of course, will rotate with it and end up in the ~
direction shown in the bottom diagram. The current dis- |
tribution is now exactly as it was originally, so the field
must also be as it was originally. But it is not. Only if the K
field is parallel to the sheet will be final direction of the :
field be the same as the original direction. If the current
is out of the page any infinitesimal portion of the sheet, in

the form of a long straight wire, produces a field that is to Tié 7;;7}7
the left above the sheet and to the right below the sheet. | |
The field must be as drawn in Fig. 30-65. | |
Integrate the tangential component of the magnetic field | < B |

U

around the rectangular loop shown with dotted lines. The
upper and lower edges are the same distance from the cur-
rent sheet and each has length L. This means the field has
the same magnitude along these edges. It points to the left
along the upper edge and to the right along the lower.

If the integration is carried out in the counterclockwise sense the contribution of the upper
edge is BL, the contribution of the lower edge is also BL, and the contribution of each of
the sides is zero because the field is perpendicular to the sides. Thus § B-ds = 2BL. The
total current through the loop is AL. Ampere’s law yields 2BL = puoAL, so B = pugA/2.
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52P*
(a)
oo (o[ [+ )
L 1 2 3 4 y
d
= / [3.01+ 8.0(:1;2/d2)j] ~idx|y=o
C 3 (d,d,0
+/ [3.01i+8.0(x2/d*)j] - jdy|r=a
0
0 path L
+/ 3.0i48.0(2?/d*)j] - idz|y=q 4 21—
d
° 27 42 V
-I-/ 3.01+8.0(x*/d*)j] - Jdy|.=
d[ (27/d”)]] |e=0 ) @00
= (3.0d + 8.0d — 3.0d) mT
= (8.0d)mT,
where d is in meters.
(b) From fL B - ds = (8.0d) mT = /19 enclosed, We get
0d)mT ) ) 1073T
i enetoneg = 20D mT (80050007 T) _ g p gy

Lo dr x 107" T-m/A

(¢) Since fL B - ds >0, 2enclosed > 0, so the current is in the positive k direction.

53E
The magnetic field inside an ideal solenoid is given by Eq. 30-25. The number of turns per
unit length is n = (200 turns)/(0.25m) = 800 turns/m. Thus

B = pgnip = (47 x 107 T- m/A)(800m ')(0.30A) = 3.0 x 107* T.

54E
B = pyign = (47 x 1077 T-m/A)(3.60 A)(1200/0.950 m) = 5.71 x 107> T.

55K
Solve N, the number of turns of the solenoid, from B = pgin = petN/L: N = BL/uqgt.
Thus the length of wire is

2mrBL

ot

_ 27(2.60 x 1072m)(23.0 x 107 T)(1.30m) _
- 2(1.26 x 106 T -m/A)(18.0A) -

[ =27arN =
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56E
(a) Use Eq. 30-26. The inner radius is r = 15.0 cm so the field there is

_ poiN (47 x 1077 T-m/A)(0.800 A)(500)

B =533x107*T.
omr 27(0.150m) 8
(b) The outer radius is r = 20.0 cm. The field there is
N 4 107" T-m/A)(0. A
g PtV _ (47 x 10 m/A)(0.800 A)(500) 400 % 10-1T.

27r 27(0.200 m)

57E
In this case L = 27r is roughly the length of the toroid so

. N .
B = pgg (—) = [oNnig .
27r

This result is expected, since from the perspective of a point inside the toroid the portion
of the toroid in the vicinity of the point resembles part of a long solenoid.

58P

Use B = pgign and note that nig = A. Thus B = pgA. Also from 51P we have AB =
%/,LO/\ — (—%/,LO/\) = poA as we move through an infinite plane current sheet of current
density A.

59P

Consider a circle of radius r, inside the toroid and concentric with it. The current that
passes through the region between the circle and the outer rim of the toroid is Nz, where
N is the number of turns and ¢ is the current. The current per unit length of circle is
A= Ni/27xr and poA is poNi/27r, the magnitude of the magnetic field at the circle. Since
the field is zero outside a toroid, this is also the change in the magnitude of the field
encountered as you move from the circle to the outside.

The equality is not really surprising in light of Ampere’s law. You are moving perpendic-
ularly to the magnetic field lines. Consider an extremely narrow loop, with the narrow
sides along field lines and the two long sides perpendicular to the field lines. If By is the
field at one end and Bj i1s the field at the other end then f B.-ds = (By — By)w, where
w 1s the width of the loop. The current through the loop is wA, so Ampere’s law yields
(BQ — Bl)w = ,uowA and BQ — Bl = /L()A

60P
(a) Denote the B-fields at point P on the axis due to the solenoid and the wire as B,



CHAPTER 30 AMPERE’S LAW 823

and B,,, respectively. Since B, is along the axis of the
solenoid and B,, is perpendicular to it, B, L B,,, respec-
tively. For the net field B to be at 45° with the axis we
then must have B, = B,,. Thus

|
|
|
:
| .

. o i axis
By = pgign = By, = 22 |
protstt 2rd |
|
|

which gives the separation d to point P on the axis:

i 6.00 A
d=—"— = =47Tcm.
2risn 27(20.0 x 1073 A)(10 turns/cm) o

(b)

B = 2B,
= V2(47 x 1077 T-m/A)(20.0 x 1073 A)(10 turns/0.0100m)
=3.55x 107" Tm.

61P
Let

mv muv

r = — = "
eB  eugn

and solve for i:

mv

7 =
efonr

(9.11 x 1073 kg)(0.0460)(3.00 x 10® m/s)
(1.60 x 10—19 C)(47 x 10~7 T-m/A)(100/0.0100m)(2.30 x 10~2 m)
= 0.272A.

62E
The magnitude of the dipole moment is given by t = N2A, where N is the number of
turns, 7 is the current, and A is the area. Use A = 7R?, where R is the radius. Thus

1t = (200)(0.30 A)7(0.050m)* = 0.47 A-m?.

63E
(a) Set z =0 in Eq. 30-28: B(0) x ¢/R. Since case b has two loops,

B, _2i/R, 2R,

_ - = 4.
B. i/R. Ry
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po_ 24y _2Rp (1NT 1
pe 1A,  RZ T O\2

64E
Use Eq. 30-28 and note that the contribute to Bp from the two coils are the same. Thus

2,&0@R2N . 8MONZ
2[R? 4+ (R/2)23/2 ~ 5\BR’

Bp =

Bp is in the positive x direction.

65E
(@) Similar to 62E, the magnitude of the dipole moment is given by p = NiA, where N
is the number of turns, 7 is the current, and A is the area. Use A = 7R?, where R is the

radius. Thus

p= NirR?> = (300)(4.0 A)7(0.025m)* = 2.4 A-m?.

(b) The magnetic field on the axis of a magnetic dipole, a distance z away, is given by
Eq. 30-29:
Py

o 237

Solve for z:

=46 cm.

(o e\ [(47 x 1077 T-m/A)(2.36 A-m?)] "/
““\erB) T 27(5.0 x 106 T)

66E
(a) For x > a the result of 21P reduces to

Blr) ~ 4pgia’ _ po(ia?)
v 7r(4:1;2)(4:1;2)1/2 43

indeed the B-field of a magnetic diploe (see Eq. 30-29).
(b) u = ia?, by comparison between Eq. 30-29 and the result above.

67P
(a) The two straight segments of the wire do not contribute to Bp. For the larger semicir-
cular loop Bpy = pipt/4b (see 12P), and for the smaller one Bps = poi/4a. Thus

B,=108 Bpy=—1|-4+-].
p pP1+ bpo 4 (CL—I_ b)
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Bp points into the page.
(b) pt = Aloopt = 2(mwa® 4+ wb?)i, pointing into the page.

68P
Use Eq. 30-28 to obtain

. /,L()Z.fi2
2

B(x)

<R2 * <$1— R/2>2>3/2 ' (R? + (x1+ R/2)2>3/2] |

The plot of B(z) is as follows. Note that B(x) is almost a constant in the vicinity of = 0.

09 T T T =
08 - —
B(mT) o7 [ -
06 [~ -
05 | | | | | | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5
X (cm)
69P
Denote the large and small loops with subscripts 1 and 2, respectively.
(a)
31:M0Z1 _ (47 x 107" T-m/A)(15A) 7 9%10-5T.
2Ry 2(0.12m)
(b)
T = |[L2 X B1| = /LBl sin 90° = NQiQAQBl = FNQiQT%Bl
= 7(50)(1.3A)(0.82 x 1072m)*(7.9x 107° T) = 1.1 x 107°* N-m.
70P

(a) Contribution to B¢ from the straight segment of the wire:

[t
By = .
ol 27 R
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Contribution from the circular loop:

[ol
Bey = —.
2= 5p

Thus

/Loi 1
c c1+ Beoa 2R< +7r>

B¢ points out of the page.
(b) Now B¢y L Beg so

Be =4/Bé, +B%, = —1/1+ =

and B¢ points at an angle 8 out of the page, where
B 1
6 =tan~! <£> = tan™! (—) =18°.
BCQ ™

71P
(a) By imagining that both bg and c¢f have a pair of currents of the same magnitude (= 1)
and opposite direction, you can justify the superposition.

(b)

K = Hbcfgb + Habgha + Hedefc = (laz)(j — 1+ i) = iazj
= (6.0A)(0.10m)*j = (6.0 x 1072 m?-A)j.

(¢) Since both points are far from the cube we can use the dipole approximation. For

(z,y,2)=1(0,50m, 0)

Ho B

271 y3

(1.26 x 10~ T-m/A)(6.0 x 10~ m? - A)j
27(5.0m)3

= (9.6 x1071"T)j.

B(0, 5.0m, 0) ~

For (x,y, z) = (5.0m, 0, 0), note that the line joining the end point of interest and the
location of the dipole is perpendicular to the axis of the dipole. You can check easily that
if an electric diploe is used, the field wold be E = (1/4mep)(p/2?), which is half of the
magnitude of E for a point on the y axis the same distance from the dipole. By analogy,
in our case B is also half the value or B(0, 5.0m, 0), i.e.,

1 1
B(5.0m, 0, 0) = §B(0, 50m, 0) = 5(9.6 x 1071 T)=48x 1071 T.
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Just like the electric dipole case, B(5.0m, 0, 0) points in the negative y direction.

72P

(@) The magnitude of the magnetic field on the axis of a circular loop, a distance z from

the loop center, is given by Eq. 30-28:

. N/Lole
- 2(R2 _|_22)3/2 ’

where R is the radius of the loop, N is the number of turns, and ¢ is the current. Both of
the loops in the problem have the same radius, the same number of turns, and carry the
same current. The currents are in the same sense and the fields they produce are in the
same direction in the region between them. Place the origin at the center of the left-hand
loop and let x be the coordinate of a point on the axis between the loops. To calculate the
field of the left-hand loop set z = = in the equation above. The chosen point on the axis is
a distance s — = from the center of the right-hand loop. To calculate the field it produces
put z = s — x in the equation above. The total field at the point is therefore

 NupiR? 1, 1
N 2 (R2 4 22)3/2 * (R% + 22 — 2sx + s2)3/2

B

Its derivative with respect to x is

dB  NpyiR? 3x N 3(x —s)
de 2 (R? + x2)5/2 (R? + 22 — 252 + 32)5/2

When this is evaluated for © = s/2 (the midpoint between the loops) the result is

_ NpyiR? 3s/2 3s/2 _0
- 9 (R2—|—32/4)5/2 (R2—|—32/4—32—|—32)5/2 o

dB
dx

s/2
independently of the value of s.

(b) The second derivative is

3 1522
(R? —|—:1;2)5/2 + (R2+:1:2)7/2

3 15(:1;—3)2
B (R? + 2?2 — 2sx —|—32)5/2 * (R? 4+ 2?2 — 25 —|—32)7/2] '

B NpgiR?
dz?2 2

At @ = s/2,
d*B B N i R? _ 6 4 30s% /4
dx? p 2 (R% 4 s2/4)5/2 ° (R? 4 s%2/4)7/2

S2 _ RZ
(RZ + 82/4)7/2 )

_ NpyR? [—G(R2 + s%/4) + 3052 /4

— P2
> (R + 52 /4)1/2 ] = 3Npokt
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Clearly, this is zero if s = R.

73
(a) B from sum: 7.069 x 107°T; pgin = 5.027 x 107° T; 40% difference;
(b) B from sum: 1.043 x 107* T; poin = 1.005 x 107+ T; 4% difference;
(¢) B from sum: 2.506 x 107* T; poin = 2.513 x 107*T; 0.3% difference

74

(a) each side contributes 3.14x 107" T'm; the total is 1.26x107% T-m; go7 = 1.26x107° T-m;
(b) the sides contribute 2.98 x 1077 T-m, 2.48 x 107" T-m, 2.98 x 107" T+ m, and 4.12 x
107" T m; the total is 1.26 x 107 T-m;

(¢) the sides contribute 2.52 x 1077 T-m, 2.03 x 107" T-m, 2.52 x 107" T m, and 5.49 x
1077 T- m; the total is 1.26 x 107¢ T-m;

(d) the sides contribute 1.89 x 107" T-m, 1.71 x 107" T-m, 1.89 x 1077 T-m, and —5.49 x
1077 T-m; the total is essentially zero

( ) = (po/27)[11 /(2 — a) + 12 /2] j;
(0) B = (po/2m)(i1/a)(1 +0/2)]



