Magnets produce magnetic fields,
but so do electric currents. An
electric current flowing in this
coil of wire produces a magnetic
field which causes the tiny pieces
of iron (iron “filings”) to align in
the field. Fig. 20—4 shows iron
filings in the magnetic field
produced by a magnet.
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This relationship was not discovered, however, until the i

century. The history of magnetism begins much earlicr wil
cient civilizations in Asia Minor. It was in a region of Asia Min|
as Magnesia that rocks were found that would attract each oilj
rocks were called “magnets” after their place of discovery.

T oday it is clear that magnetism and electricity are closel§

Magnets and Magnetic Fields

A magnet will attract paper clips, nails, and other objects mu
Any magnet, whether it is in the shape of a bar or a horseshug
ends or faces, called poles, which is where the magnetic effect in ¥
If a magnet is suspended from a fine thread, it is found that il
the magnet will always point toward the north. It is not knowi}
when this fact was discovered, but it is known that the Chinesc W
ing use of it as an aid to navigation by the eleventh century an ]
earlier. This is, of course, the principle of a compass. A compuH
simply a magnet that is supported at its center of gravity so it (§
freely. That pole of a freely suspended magnet which points 108
north is called the north pole of the magnet. The other pole poitil
the south and is called the south pole.

It is a familiar fact that when two magnets are brought nciif
other, each exerts a force on the other. The force can be either §
or repulsive and can be felt even when the magnets don’t tou




ble of one magnet is brought near the north pole of a second mag-
force is repulsive. Similarly, if two south poles are brought close,
Lv is repulsive. But when a north pole is brought near a south pole,
Lo is attractive. These results are shown in Fig. 20-1, and are remi-
ol the force between electric charges; like poles repel, and unlike
ltract. But do not confuse magnetic poles with electric charge. They
| the same thing. One important difference is that a positive or neg-
octric charge can easily be isolated. But the isolation of a single
lic pole seems impossible. If a bar magnet is cut in half, you do not
Isolated north and south poles. Instead, two new magnets are pro-
Iig. 20-2. If the cutting operation is repeated, more magnets are
0d, each with a north and a south pole. Physicists have tried com-
{| means to isolate single magnetic poles (monopoles), but so far
no firm experimental evidence for their existence.

||y iron and a few other materials such as cobalt, nickel, and gado-
show strong magnetic effects. They are said to be ferromagnetic
{he Latin word ferrum for iron). All other materials show some
Magnetic effect, but it is extremely weak and can be detected only
plicate instruments. (We will look in more detail at ferromagnetism
fons 20-13 and 20-15.)

) found it useful to speak of an electric field surrounding an electric
In the same way, we can imagine a magnetic field surrounding a
il. The force one magnet exerts on another can then be described as
leraction between one magnet and the magnetic field of the other.
we drew electric field lines, we can also draw magnetic field lines.
Jin be drawn, as for electric field lines, so that (1) the direction of
pnetic field is tangent to a line at any point, and (2) the number of
jor unit area is proportional to the magnitude of the magnetic field.
\v direction of the magnetic field at a given point can be defined as the
i that the north pole of a compass needle would point when placed
| point. Figure 20-3a shows how one magnetic field line around a bar
Wi is found using compass needles. The magnetic field determined in
iy for the field outside a bar magnet is shown in Fig. 20-3b. Notice that
o of our definition, the lines always point from the north toward the
pole of a magnet (the north pole of a magnetic compass needle is at-
i) 10 the south pole of another magnet). Figure 20—-4 shows how thin
llings reveal the magnetic field lines by lining up like compass needies.
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URE 20-3 (a) Plotting a magnetic field line of a bar magnet.
sunctic field lines outside of a bar magnet.
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SECTION 20-1

Magnets and Magnetic Fields
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FIGURE 20-1 Like poles of

a magnet repel; unlike poles attract.

Magnetic poles not
found singly

FIGURE 20-2 If you break

a magnet in half, you do not obtain
isolated north and south poles; instead,
two new magnets are produced, each
with a north and a south pole.
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Magnetic
field lines

Magnetic field lines point from
north to south magnetic poles

FIGURE 20-4 Thiniron
filings indicate the magnetic field
lines around a bar magnet.




FIGURE 20-5 Forcesona
compass needle that produce a torque
to orient it parallel to the magnetic field
lines. The net torque will be zero when
the needle is parallel to the magnetic
field lLine at that point. (Only the
attractive forces are shown; try drawing
in the repulsive forces and show that
they produce a similar torque.)

W PHYSICS APPLIED

Use of a compass.

FIGURE 20-6 The Earth acts
like a huge magnet but its magnetic
poles are not at the geographic poles.

North
geographic pole  Magnetic
!

Magnetic
pole

South
geographic pole

FIGURE 20-7 Using a map
and compass in the wilderness. First
you align the compass so the needle
points away from true north (N)
exactly the number of degrees of
declination as stated on the (topo-
graphic) map: 15° in the case shown.
Then align the map with true north,

as shown, not with the compass needle.
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We can define the magnetic field at any point as a vector, |
by the symbol B, whose direction is determined as discussed al
a compass needle. The magnitude of B can be defined in (¢
torque exerted on a compass needle when it makes a certain
the magnetic field, as in Fig. 20-5. That is, the greater the |
greater the magnetic field strength. We can use this definition [OF
a more precise definition will be given in Section 20-3.

The Earth’s magnetic field is shown in Fig. 20-6. The pattern of}
is as if there were an (imaginary) bar magnet inside the Earth. Sin¢¢]
pole of a compass needle points north, the magnetic pole which i I
graphic north is actually a south pole magnetically, as indicated in I
the S on the schematic bar magnet inside the Earth. (Remembi
north pole of one magnet is attracted to the south pole of a second)
less, this pole is still often called the “north magnetic pole” simply i
in the north. Similarly, the Earth’s south magnetic pole, near the §
south pole, is magnetically a north pole. The Earth’s magnetic polcs i
incide with the geographic poles (which are on the Earth’s axis of
The north magnetic pole, for example, is in northern Canada, abol
from the geographic north pole. This must be taken into account

a compass (Fig. 20-7). The angular difference between magnetic 1\
dicated by a compass, and true (geographical) north, is called 1h¢
declination. In the U.S. it varies from 0° to about 25°, depending o1} §

Notice in Fig. 206 that the Earth’s magnetic field is not tan
Earth’s surface at all points. The angle that the Earth’s magnetic (I§
with the horizontal at any point is referred to as the angle of dip.

The simplest magnetic field is one that is uniform—it docsi
from one point to another. A perfectly uniform field over a lnij§
not easy to produce. But the field between two flat parallel polc {i
magnet is nearly uniform if the area of the pole faces is large colll
their separation, as shown in Fig. 20-8. At the edges, the field “/il§
somewhat and is no longer uniform. The parallel evenly spaccd !
in the drawing indicate that the field is uniform at points not (0(
edge, much like the electric field between two parallel plates (Il

wm'v_;‘;‘-' w;;' 'fg,_“'o‘ FIGURE 20-8 Mg

ki : _:% » field between two largg |
ok a magnet is nearly unily
at the edges.
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URE 20-10 (a) Magnetic
lines around an electric current
Mraight wire. (b) Right-hand
for remembering the dirgction
¢ magnetic field: when the

ih points in the direction of
ymventional current, the fingers
jied-around the wire point in
llicction of the magnetic field.
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A Electric Currents Produce Magnetism 1
1

it the eighteenth century, many natural philosophers sought to find a
¢lion between electricity and magnetism. A stationary electric
¥ ind a magnet were shown not to have any influence on each other.
1820, Hans Christian Oersted (1777-1851) found that when a com-
Jeedle is placed near an electric wire, the needle deflects as soon as
lic is connected to a battery and a current flows. As we have seen, a
s needle can be deflected by a magnetic field. What Oersted found
hit an electric current produces a magnetic field. He had found a
liction between electricity and magnetism.

A\ compass needle placed near a straight section of current-carry-
Wire aligns itself so it is tangent to a circle drawn around the wire,
1)-9. Thus, the magnetic field lines produced by a current in a
ihi wire are in the form of circles with the wire at their center,
!)-10a. The direction of these lines is indicated by the north pole
¢ compass in Fig. 20-9. There is a simple way to remember the di-
N of the magnetic field lines in this case. It is called a right-hand
you grasp the wire with your right hand so that your thumb points
i¢ direction of the conventional (positive) current; then your fin-
will encircle the wire in the direction of the magnetic field,
1)~ 10b. The magnetic field lines due to a circular loop of current-
Ing wire can be determined in a similar way using a compass. The
ill is shown in Fig. 20-11. Again the right-hand rule can be used, as

FIGURE 20-9 Deflection of
a compass needle near a current-
carrying wire, showing the presence
and direction of the magnetic field.

FIGURE 20-11 Magnetic
field due to a circular loop of wire.

FIGURE 20-12 Right-hand
rule for determining the direction
of the magnetic field relative to

the current.
i , —— I Magnetic
— L field
SECTION 20-2  Electric Currents Produce Magnetism 591



FIGURE 20-13 (a) Force
on a current-carrying wire placed
in a magnetic field B;

(b) same, but current reversed;

(c) right-hand rule for setup in (b).

Magnet exerts a force
on an electric current

Right-hand rule
for force on current
dueto B

FIGURE 20-14 Current-
carrying wire in a magnetic field.
Force on the wire is directed into
the page.
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Force is up

(1)
1}
Right}jl

(b) (¢l

21123 Force on an Electric Current in a
Magnetic Field; Definition of B

In Section 20-2 we saw that an electric current exerts a force ot
such as a compass needle. By Newton’s third law, we might c¢x|i
verse to be true as well: we should expect that a magnet exerts a |
current-carrying wire. Experiments indeed confirm this effcct, |\
was first observed by Oersted.

Let us look at the force exerted on a wire in detail. Suppos¢ |
wire is placed between the poles of a horseshoe magnet ux
Fig. 20-13. When a current flows in the wire, a force is exerted i
But this force is not toward one or the other poles of the magn¢l
the force is directed at right angles to the magnetic field dircctl
current is reversed in direction, the force is in the opposite dire(i§
found that the direction of the force is always perpendicular to th¢
of the current and also perpendicular to the direction of the mayi@
B. This statement does not completely describe the direction, how
force could be either up or down in Fig. 20-13b and still be peiy
to both the current and to B. Experimentally, the direction of (hi
given by another right-hand rule, as illustrated in Fig. 20-13c. Firs(
ent your right hand so that the outstretched fingers point in the {
of the (conventional) current; from this position, bend your finge|
they point in the direction of the magnetic field lines (which ol
the N toward the S pole outside a magnet); you may have to 1l
hand and arm about the wrist until they do point along B when
membering that straightened fingers must point along the dircctii
current first. When your hand is oriented in this way, then the ¢
thumb points in the direction of the force on the wire.

This describes the direction of the force. What about its magilf
is found experimentally that the magnitude of the force is direclly:
tional to the current 7 in the wire, to the length ! of wire in the |
field (assumed uniform), and to the magnetic field B. The force
pends on the angle 0 between the current direction and the magn¢
(Fig. 20-14). When the current is perpendicular to the field lines, (I
is strongest. When the wire is parallel to the magnetic field lines, th¢
force at all. At other angles, the force is proportional to sin 6 (Fig,




¢ have
F « [1B sin 6.

J) to now we have talked of magnetic field strengths in terms of the
cxerted by the field on a compass needle (Fig. 20-5). But we have
dlined the magnetic field strength precisely. In fact, the magnetic
) Is defined in terms of the above proportion so that the proportion-

unstant is precisely 1. Thus we have
FORCE ON ELECTRIC
F = IIBsin 6. (20-1) | CURRENTIN A
' . . . . MAGNETIC FIELD
tlirection of the current is perpendicular to the field (6 = 90°), then

e is
F,.. = 1IB. [ILB] (20-2)

current is parallel to the field (8 = 0°), the force is zero.

il summary, the magnetic field vector B is defined as follows. The di- Definition of
i of B in a region of space is the direction that a straight section of magnetic field
IM-carrying wire would have when placed in the field and the force

I zero (6 = 0° in Eq. 20-1), and consistent with the right-hand rule

I {he wire is oriented in another direction. The magnitude of B is de-
ct (from Eq. 20-2) as

"()l‘(.’(f _ F

| B =-"%

nd Il T

a 8| 0 I, is the magnitude of the force on a straight length / of wire car-

show i current I when the wire is perpendicular to B.
i the § I SI unit for magnetic field B is the tesla (T). From Eq. 20-1,it is clear  The tesia
t. Inw |l = 1N/A-m. An older name for the tesla is the “weber per meter and

00" (1Wb/m? = 1T). Another unit commonly used to specify magnet- /e gauss
lil is a cgs unit, the gauss (G): 1 G = 107*T. A field given in gauss should ~ (¥7i%s)

2 dire Wi be changed to teslas before using with other SI units. To get a “feel”

netl¢ lluse units, we note that the magnetic field of the Earth at its surface is

wevel it | Gor0.5 X 107*T. On the other hand, strong electromagnets can pro-

sendidl liclds on the order of 2T and superconducting magnets over 10 T.

ion. 1
ction,

he fol
st youl AMPLE 20-1 Magnetic force on a current-carrying wire. A wire car-
s direl ¢ 0 30-A current has a length [ = 12 cm between the pole faces of a

Jhet at an angle 8 = 60° (Fig. 20-14). The magnetic field is approxi-
ilely uniform at 0.90 T. We ignore the field beyond the pole pieces.
\it is the force on the wire?

LUTION We use Eq.20-1 and find that
F=1IBsin 0
= (30 A)(0.12 m)(0.90 T)(0.866) = 2.8 N.
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tly pra {)n a diagram, when we want to represent a magnetic field that is pointing
€ mz;g )l (he page (toward us) or into the page, we use © or X.The O is meant to
ce alsd

gneti¢
s, the fi
, ther¢
Fig. 20

Al discussion, we have assumed that the magnetic field is uniform. If it is not, then B in
()-1 and 20-2 is the average field over the length / of the wire. In practical cases, we
jivider a wire as made up of many short segments A/ and the force on each segment is
ilional to the length Al of that segment and to the magnetic field B at that segment.
dutnl force is the vector sum of the individual forces.

SECTION 20-3  Force on an Electric Current in a Magnetic Field; Definition of B 593



FIGURE 20-15 Measuring a
magnetic field B. Example 20-2.

FORCE ON MOVING CHARGE
IN MAGNETIC FIELD

Right-hand rule
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resembile the tip of an arrow pointing directly toward the readls
the X or® resembles the tail of an arrow going away. (See Il

m Measunng a magnetic field. A rectangulil
wire hangs vertically as shown in Fig. 20-15. A magnetic field I}
horizontally, perpendicular to the wire, and points out of the |
points as represented by the symbol ©. The magnetic field B is
uniform along the horizontal portion of wire ab (length I8
which is near the center of a large magnet producing the fiuli
portion of the wire loop is free of the field. The loop hangs froni
which measures a downward force (in addition to the gravital(
of F = 3.48 X 102N when the wire carries a current I = 0.245
the magnitude of the magnetic field B at the center of the mupi#

SOLUTION The magnetic forces on the two vertical scctif)
wire loop point to the left and right, respectively. They are ¢
opposite directions and so add up to zero. Hence, the net mujii|
on the loop is that on the horizontal section ab whosu
! = 0.100m (and 6 = 90° sosin § = 1); thus

F 348 X 102N

== = 1427T.
B =11~ (0245 A)(0.100 m) LT

This technique is a highly precise means of determining magnetii

»J\IF 8 Force on an Electric Charge Movin
in a Magnetic Field

We have seen that a current-carrying wire experiences a force wiiil
in a magnetic field. Since a current in a wire consists of moviij
charges, we might expect that freely moving charged particlex {
wire) would also experience a force when passing through a mag
Indeed, this is the case.

From what we already know, let us determine the force o
moving electric charge. If N such particles of charge g pass by
point in time t, they constitute a current I = Ng/t. We let t be the
a charge ¢ to travel a distance / in a magnetic field B; then / =
is the velocity of the particle. Thus, the force on these N partig
Eq.20-1, F = IIBsin @ = (Ngq/t)(vt)B sin 8. The force on one of {
cles is found by dividing by N:

F = quBsin 6.

This equation gives the magnitude of the force on a particle ()

g moving with velocity v in a magnetic field of strength B, whu@

angle between v and B. The force is greatest when the particle miis
pendicular to B (6§ = 90°):

Fo. = qVB. [vi B

The force is zero if the particle moves parallel to the field lines (6 =

direction of the force is perpendlcular to the magnetic field B and (¢

locity v of the particle. It is again given by a right-hand rule: you oy Ie

right hand so that your outstretched fingers point along the directiof

tion of the particle (v), and when you bend your fingers they mi




¢ direction of B; then your thumb will point in the direction of the
[is is true only for positively charged particles, and will be “down”

slluation shown in Fig. 20-16. For negatively charged particles, the
) In cxactly the opposite direction (“up” in Fig. 20-16).

NP %N Magnetic force on a proton. A proton having a speed
) X 10°m/s in a magnetic field feels a force of 8.0 X 107 N toward
ust when it moves vertically upward. When moving horizontally in a
uily direction, it feels zero force. What is the magnitude and direc-
) the magnetic field in this region? (The charge on a proton is
¢=16X10"°C)

LTION Since the proton feels no force when moving north, the
Must be in a north—south direction. The right-hand rule tells us that
lis! point toward the north in order to produce a force to the west
) the proton moves upward. (Your thumb points west and the out-
hied fingers of your right hand point upward only when your bent
i point north.) The magnitude of B, from Eq. 20-3 with 6 = 90°, is

F 8.0 X 1074 N
gv (1.6 X 107 C)(5.0 X 10°m/s)

B = =0.10T.

ju path of a charged particle moving in a plane perpendicular to a uni-
lingnetic field is a circle (or the arc of a circle if the particle later pass-
uf the magnetic field region). See Fig. 20-17, where the magnetic field
led into the paper, as represented by X’s. An electron at point P is
it 1o the right, and the force on it at this point is downward as shown
v right-hand rule and reverse the direction for negative charge). The
b is thus deflected downward. A moment later, say when it reaches
(), the force is still perpendicular to the velocity and is in the direction
Since the force is always perpendicular to v, the magnitude of v does
linge but the particle changes direction and moves in a circular path,
) centripetal acceleration (we demonstrate this in Example 20-4). The
I directed toward the center of this circle at all points. Note that the
1 moves clockwise in Fig. 20-17. A positive particle would feel a force
ppposite direction and would thus move counterclockwise.

g

|

(WINIVI =8 Electron’s path in a uniform magnetic field. An elec-
fravels at 2.0 X 10’ m/s in a plane perpendicular to a 0.010-T mag-
Tl ficld. Describe its path.
the UTION The electron moves at constant speed in a curved path
e radius of curvature is found using Newton’s second law, F = ma.
Jiave a centripetal acceleration a = v*/r (Eq. 5-1). The force is given

{ (). 20-4, F = quB, so we have

_O‘ a F=ma

‘¢l 5
3 »

10Ve quB = mr_.

1 4olve for r and find
= ()
Lo il
ricif
don ¢
must

o F is perpendicular to v, the magnitude of v doesn’t change. From
g uation we see that if B = constant, then r = constant, and the curve
be a circle as we claimed above.

) Right-hand rule

FIGURE 20-16 Force on
charged particles due to a
magnetic field is perpendicular to
the magnetic field direction.

FIGURE 20-17 Force exerted
by a uniform magnetic field on a

moving charged particle (in this case,
an electron) produces a circular path.
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To get r, we put in the numbers:

_ (91 X 107 kg)(2.0 X 107 m/s)

=11x10"
(16 X 10~ C)(0.010 T) 11 x 1078

or 1.1 cm.

| CONCEPTUAL EXAMPLE 20-5| A spiral path. What is the
charged particle if its velocity is not perpendicular to the magil

B v'}v*
! Ml"m ! & RESPONSE The velocity vector can be broken down into ¢()
parallel and perpendicular to the field. The velocity compone|
Yi to the field lines experiences no force, and so this componcil
FIGURE 20-18 Example 20-5. | constant. The velocity component perpendicular to the ficld
circular motion about the field lines. Putting these two motio(i

gether produces a helical (spiral) motion around the field linet
in Fig. 20-18.

W PHYSICS APPLIED CONCEPTUAL EXAMPLE 20-6| Aurora borealis. Chargod
proach the Earth from the Sun (the “solar wind”) and are dri
the poles, sometimes causing a phenomenon called the aurora he
“northern lights” in northern latitudes. Why toward the poles?

RESPONSE A glance at Fig. 20-19 (see also Fig. 20-18) pro¥
answer. Imagine a stream of charged particles approaching the¢
shown. The velocity component perpendicular to the field for ¢
cle becomes a circular orbit around the field lines, whereas th¢
component parallel to the field carries the particle along the f ield
ward the poles. The high concentration of charged particles i
air, and the recombining of electrons with atoms emits light (Chi
which is the aurora, especially during periods of high sun spot aciiy
the solar wind is greater.

The aurora borealis

FIGURE 20-19 (a) Diagram
showing a charged particle
approaching the Earth which is
“captured” by the magnetic field
of the Earth. Such particles follow
the field lines toward the poles as
shown. (b) Photo of aurora borealis.

Charged
particle
approaching

/

(a)
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b1l Magnetic Field Due to a Straight Wire

1

in Section 20-2, Fig. 20-10, that the magnetic field due to the elec-

frent in a long straight wire is such that the field lines are circles @D)

he wire at the center (Fig. 20-20). You might expect that the field

{lh at a given point would be greater if the current flowing in the

yorce greater; and that the field would be less at points farther from

ife. This is indeed the case. Careful experiments show that the mag- @E

{leld B at a point near a long straight wire is directly proportional to

B ox— FIGURE 20-20 Same as

Fig. 20-10a, magnetic field lines
around a long straight wire carrying

litent 1 in the wire and inversely proportional to the distance r from
e
an electric current 1.

Jolation is valid as long as 7, the perpendicular distance to the wire, is
less than the distance to the ends of the wire (i.e., the wire is long).
he proportionality constant is written' as p,/24r; thus,

o I . . . Magnetic field due to current
= omr [outside a long straight wire] (20-5) . ht wire
Yilue of the constant u,, which is called the permeability of free space,
“ 47 X 1077 T-m/A. I ]

e— 10 cm —o
NNV LBy Calculation of B near a wire. A vertical electric wire

‘\u wall of a building carries a dc current of 25 A upward. What is the

netic field at a point 10 cm due north of this wire (Fig. 20-21)?
. S<+0o—N

LUTION According to Eq. 20-5: ( Et)
oul

gl (4w X 1077 T-m/A)(25 A)

T 2mr (27)(0.10 m)

).50 G. By the right-hand rule (Fig. 20-10b), the field points to the

il (into the page in Fig. 20-21) at this point. Since this field has about "> PHYSICS APPLIED
sime magnitude as Earth’s, a compass would not point north butina 4 compass, near a current,
{hwesterly direction. may not point North

Chapt¢
activity

=50x%x107°T, FIGURE 20-21 Example 20-7.

Force Between Two Parallel Wires

linve seen that a wire carrying a current produces a magnetic field
anitude given by Eq. 20-5 for a long straight wire), and furthermore
such a wire feels a force when placed in a magnetic field (Section
, Eq. 20-1). Thus, we expect that two current-carrying wires would
u force on each other.

{onstant is chosen in this complicated way so that Ampere’s law (Section 20-8), which
jillcred more fundamental, will have a simple and elegant form.

SECTION 20-6 Force Between Two Parallel Wires 597




(a)

FIGURE 20-22 (a)Two parallel
conductors carrying currents I; and I,.

b)

A
Y,

(b) Magnetic field produced by I;.

(Field produced by I, is not shown.)

FIGURE 20-23 (a) Parallel

currents in the same direction exert

attractive force on each other.

(b) Antiparallel currents (in opposite
directions) exert repulsive force on

each other.

i

1

>
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(®)

| 2

G SN Force hetween two current carrying wires. |
F wires of a 2.0-m-long appliance cord are 3.0 mm apart and cal

Consider two long parallel conductors separated by a distug
Fig. 20-22a. They carry currents I, and I,, respectively. Each ¢l
duces a magnetic field that is “felt” by the other so that each ni
force on the other, as Ampere first pointed out. For example, 1}
ic field B, produced by I, is given by Eq. 20-5. At the location 1
ond conductor, the magnitude of this field is

_ L
1 2x L

See Fig. 20-22b where the field due only to I; is shown. A¢
Eq. 20-2, the force F per unit length / on the conductor carrying, ¢

F

7 = IzBl.
Note that the force on I, is due only to the field produced by /; £
I, also produces a field, but it does not exert a force on itself. We i)
in the above formula for B, and find
F_ o LL

| 27 L
If we use the right-hand rule of Fig. 20-10b, we see that the linci
as shown in Fig. 20-22b. Then using the right-hand rule of Fig. 2
see that the force exerted on I, will be to the left in the figure. Thill
erts an attractive force on I, (Fig. 20-23a). This is true as long u
rents are in the same direction. If 7, is in the opposite dire(l
right-hand rule indicates that the force is in the opposite direction, |
exerts a repulsive force on I, (Fig. 20-23b). Reasoning similar to (|
shows that the magnetic field produced by I, exerts an equal bul
force on I,. We expect this to be true also, of course, from Newl(|
law. Thus, as shown in Fig. 20-23, parallel currents in the same dir¢¢
tract each other, whereas parallel currents in opposite directions 1€}

rent of 8.0 A dc. Calculate the force between these wires.

SOLUTION Equation 20-6 gives us
Fe (20 X 1077 T-m/A)(8.0 A)*(20m) _
(3.0 X 107> m)

where we have writen po/2m = 2.0 X 107 T-m/A. Since the
are in opposite directions, the force would tend to spread them

85 X 10




N JUSTEE Suspending a current with a current. A horizontal wire
les a current I, = 80 A dc. A second parallel wire 20cm below it
t X . 20-24) must carry how much current I, so that it doesn’t fall due to
g {ty? The lower wire has a mass of 0.12 g per meter of length.

,UTION The force of gravity on the lower wire is downward and
vich meter of length has magnitude

F_mg _ (012 x 10 3kg)(9.8 m/s?)

= X
] ] 10m =1.18 X 103 N/m.
rdin magnetic force on wire 2 must be upward (hence I, must have the
rrent] e direction as I,) and with L = 0.20m and /; = 80 A has magnitude

F_mrhbh
| 2w L

Of cof #olve for I, and find
subsl
2L (F 27 (0.20 m) .
\1) "~ 18 x —15A.
o Iy (1) (47 X 1077 T-m/A)(80 A) (118 X 10°N/m) = 15 A

¥/ Definition of the Ampere and
s of Ml the Coulomb

atis, | iy have wondered how the constant y, in Eq. 20-5 could be exactly
10"7T-m/A. Here is how it happened. With an older definition of
mpere, ., was measured experimentally to be very close to this value.
1. Thitt y, however, p, is defined to be exactly 4w X 107" T-m/A. This, of
\ 40, could not be done if the ampere were defined independently. The
jie, the unit of current, is now defined in terms of the magnetic field

vton's i§ jroduces using the defined value of u,.
rections In particular, we use the force between two parallel current-carrying
repcl. ), 2q. 20-6, to define the ampere precisely. If I, = I, = 1 A exactly,

{he two wires are exactly 1 m apart, then

F_(4mx 1077 T-m/A) (1 A)(1 A) 7

l 2m (1m) =2 X 107"N/m.

, one ampere is defined as that current flowing in each of two long par-
onductors 1 m apart, which results in a force of exactly 2 X 107 N/m
Wyth of each conductor.

10N “I'his is the precise definition of the ampere. The coulomb is then de-
s being exactly one ampere-second: 1 C = 1 A-s. The value of k or
(‘oulomb’s law (Section 16-5) is obtained from experiment.

carry o

the curi
em apufi

.3 Ampére’s Law

Jction 20-5, we saw that Eq. 20-5 gives the relation between the cur-
in a long straight wire and the magnetic field it produces. This equa-
I valid only for a long straight wire. The following important question
i Is there a general relation between a current in a wire of whatever
u und the magnetic field around it? The answer is yes: the French sci-
| André Marie Ampere (1775-1836) proposed such a relation shortly

I, =80A
T —_—
L=20cm
| B
L=?

et

FIGURE 20-24

Definitions
of ampere
and coulomb

Example 20-9.
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AMPERE'S LAW

I Closed path made
' up of segments of | A rea enclosed
! length Al by the path
I

FIGURE 20-25 Arbitrary
path enclosing a current, for
Ampere’s law. The path is broken
down into segments of equal
length Al

FIGURE 20-26 Circular
path of radius r.

"
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after Qersted’s discovery. Consider any (arbitrary) closed path
current, as shown in Fig. 20-25, and imagine this path as being i
short segments each of length Al First, we take the product ol {
of each segment times the component of B parallel to that segné
now sum all these terms, according to Ampére, the result will he
L, times the net current I that passes through the surface encloté
path. This is known as Ampere’s law and can be written mathemi

2 B Al = pol.

The symbol $ means “the sum of” and By means the component «f
lel to that particular Al The lengths Al are chosen so that By i
constant on each length. The sum must be made over a closed pail
the net current passing through the surface bounded by this closeil
We can check Ampere’s law by applying it to the simple caxg
straight wire carrying a current I, which we have already exanil
which served as an inspiration for Ampere himself. Suppose thal wi
find the magnitude of B at point A, a distance r from the wire in [l
We know that the magnetic field lines are circles with the wire af |
ter. We then choose a path to be used in Eq. 20-7: we choose a ¢li
dius r (the choice of path is ours—so we choose one that will be coij
We choose this circular path because at any point on this path, B wi
gent to this circle. Thus, for any short segment of the circle (Fig,
will be parallel to that segment, so B = B. Suppose that we break |
lar path down into 100 segments.” Then Ampére’s law states tha

(BAl), + (BAl), + (BAl); + -+ + (B Al)jpp = jiyl

The dots represent all the terms we did not write down. Since ull
ments are the same distance from the wire, we expect B to be (1l
each segment. We can then factor out B from the sum:

B(AL + Al + Aly + - + Algy) = pol.

The sum of the segment lengths is just the circumference of the il
Thus we have

BQ27ur) = pol,

_ Bl
27r

or

This is just Eq. 20-5 for the field near a long straight wire, as discuss(

Ampere’s law thus works for this simple case. A great muny.
ments indicate that Ampere’s law is valid in general. However, If
used to calculate the magnetic field mainly for simple cases. |{§
tance is that it relates the magnetic field to the current in a dif
mathematically elegant way. Ampere’s law is thus considered i)
basic laws of electricity and magnetism. It is valid for any situal|
the currents and fields are not changing in time.

We now can see why the constant in Eq. 20-5 is written p,,/24
done so that only u, appears in Eq. 20-7 (rather than, say, 27k If
used k in Eq. 20-5). In this way, the more fundamental equll
pere’s law, has the simpler form.

tActually, Ampere’s law is precisely accurate when there is an infinite number '
mally short segments, but that leads into calculus.



L
=

(a) (b)

_I © now use Ampere’s law to calculate the magnetic field inside a long
)| wire with many loops, as shown in Fig. 20-27, which is known as a
#ld. Each coil produces a magnetic field as shown in Fig. 20-11, and
)lnl field inside the solenoid will be the sum of the fields due to each
i\l loop as shown in Fig. 20-27a. If the coils of the solenoid are very
y spaced, the field inside will be essentially parallel to the axis except
0 cnds, as shown in Fig. 20-27b. For applying Ampére’s law, we
o the path abcd shown in Fig. 20-28, far from either end. We will
tler this path as made up of four segments, the sides of the rectangle:
(, ¢d, da. Then the left side of Eq. 20-7 becomes

(B” Al),, + (B" Al + (B" A, + (B” Ay,

‘he first term in this sum will be very small since the field outside the
nid is so small as to be negligible compared to the field inside (the

number of lines inside the solenoid spread throughout space outside).

the first term will be zero. Furthermore, B is perpendicular to the seg-
I4 hc and da, so these terms are zero, too. Therefore, the left side of
-7 is simply (B) Al),, = Bl, where B is the field inside the solenoid,

s the length cd. Now we determine the current enclosed by our cho-
juctangular loop, to use for the right side of Eq.20-7. If a current I flows
v wire of the solenoid, the total current enclosed by our path abed is NI,
10 N is the number of loops our path encircles (five in Fig. 20-28). Thus
jitre’s law gives us

Bl = pu,NIL. !
0 let n = N/ be the number of loops per unit length, then
B = pynl. [solenoid] (20-8)

I the magnitude of the magnetic field within a solenoid. Note that B de-
I only on the number of loops per unit length, », and the current 1. The
| does not depend on the position within the solenoid, so B is uniform.

I strictly true only for an infinite solenoid, but it is a good approxima-
for real ones for points not close to the ends.

Current
out of

OOOOOOOOO OO papr
S— g

B

n, -~ i 1 T~
R &® ®|® ®®® ®!® ® ®\gltt1(r)rent

) aper
infinf pap

FIGURE 20-27 (a) Magnetic
field due to several loops of a solenoid.
(b) If the coils are closely spaced, the
field is very nearly uniform.

Magnetic field
inside a solenoid

FIGURE 20-28 Magnetic
field inside a solenoid is straight
except at the ends. Dashed lines
indicate the path chosen for use
in Ampere’s law.
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D JEPHBTN Field inside a solenoid. A thin 10-cm-lon
has a total of 400 turns of wire and carries a current of 2.0 A,
the field inside near the center.

SOLUTION The number of turns per unit length is n = 4K}
40 X 10°m™. From Eq. 20-8:

B = ponl = (12.57 X 1077 T-m/A)(4.0 X 10°m"")
=10 % 102T.

= PHYSICS APPLIED CONCEPTUAL EXAMPLE 20-11 | Coaxial cable. A coaxiul
Coaxial cable | single wire surrounded by a cylindrical metallic braid, us N

(shielding) | Fig. 20-29. The two conductors are separated by an insulator. 1|

wire carries current to the other end of the cable, and the oilf
carries the return current and is usually considered ground. )¢
magnetic field (a) in the space between the conductors, and (b
the cable.

RESPONSE (a) In the space between the conductors, we
l Ampere’s law for a circular path around the center wire, just |
l for the case shown in Fig. 20-26 and the magnitude is i
‘ Eq. 20-5. The current in the outer conductor has no bearing, Ol
sult. (Ampere’s law uses only the current enclosed inside (h¢!
long as the currents outside the path don’t affect the symmulf
field, they do not contribute to the field along the path at all).
(b) Outside the cable, we can draw a similar circular path, for ¥
the field to have the same circular symmetry. Now, however, (i
two currents enclosed by the path, and they add up to zero. Thu f
side the cable is zero.

The nice feature of coaxial cables is that they are self-shieldiny’
magnetic fields escape outside the cable. The outer cylindrical ¢l
also shields external electric fields from coming in (see also Examjy
This makes them ideal for carrying signals near sensitive equipmet
philes use coaxial cables between stereo equipment components il
the loudspeakers.

Insulating

FIGURE 20-29 Coaxial cable. sleeve. g

Example 20-11.
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Torque on a Current Loop;
Magnetic Moment

i clectric current flows in a closed loop of wire placed in a mag-
vid, as shown in Fig. 20-30, the magnetic force on the current can
¢ o torque. This is the basic principle behind a number of important
il devices, including meters and motors. (We discuss these applica-
) the next Section.) The interaction between a current and a mag-
¢ld is important in other areas as well, including atomic physics.
hen current flows through the loop in Fig. 20-30a, whose face we as-
§ parallel to B and is rectangular, the magnetic field exerts a force
th vertical sections of wire as shown, F, and F, (see also top view,
30b). Notice that, by the right-hand rule (Fig. 20-13c), the direc-
f the force on the upward current on the left is in the opposite direc-
'om the equal magnitude force F, on the descending current on the
I'hese forces give rise to a net torque that tends to rotate the coil
tx vertical axis.

gt us calculate the magnitude of this torque. From Eq. 20-2, the
/' = IaB, where a is the length of the vertical arm of the coil. The
nrm for each force is b/2, where b is the width of the coil and the
i at the midpoint. The total torque is the sum of the torques due to
) the forces, so

T= IaB% + IaB% = labB = IAB,

A = ab is the area of the coil. If the coil consists of N loops of wire,
Iirent is then NI, so the torque becomes

7= NIAB. (20-9a)

¢oil makes an angle 6 with the magnetic field, as shown in Fig. 20-30c,
hces are unchanged, but gach lever arm is reduced from b to ;b sin 6.
Ihat the angle 6 is chosen to be the angle between B and the perpen-
i lo the face of the coil, Fig. 20-30c. So the torque becomes

7= NIAB sin 6. (20-9b)

formula, derived here for a rectangular coil, is valid for any shape of
oil.

‘he quantity NIA is called the magnetic dipole moment of the coil
4 considered a vector:

M = NIA, (20-10)

0 the direction of A (and therefore of M) is perpendicular to the
of the coil (the black arrow in Fig. 20-30c).

Axis of
rotation

(into page)l (%lg_e‘)f
[
/N
(a)

Flf Axis

B ()09 (down)

YF,

(b)
1to coil face
F yd
-8 /(’
Axis B
13RI
¥,
(©

FIGURE 20-30 Calculating
the torque on a current loop in a
magnetic field B. (a) Loop face
parallel to B field lines; (b) Top
view; (c) Loop makes an angle to
B, reducing the torque since the
lever arm is reduced.
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* Applications: Galvanometers,
Motors, Loudspeakers

w PHYSICS APPLIED

Galvanometer

FIGURE 20-31 Galvanometer.

FIGURE 20-32 Galvanometer
coil wrapped on an iron core.

Pointer
—_—\

Iron core
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Torque on a coil. A circular coil of wire i
eter of 20.0 cm and contains 10 loops. The current in each loo|)
and the coil is placed in a 2.00-T magnetic field. Determing
mum and minimum torque exerted on the coil by the field.

SOLUTION Equation 20-9 is valid for any shape of coil, incli
cular, where the area is

A = mr? = 7(0.100 m)* = 3.14 X 1072 m?

The maximum torque occurs when the coil’s face is paralicl (0
netic field, so 8 = 90° in Fig. 20-30c, and sin 8 = 1 in Eq. 20-Y}

+= NIABsin 6 = (10)(3.00 A)(3.14 X 1072 m?)(2.00 T)(1)

The minimum torque occurs if sin § = 0, for which 6 = 0°, and (I}

from Eq. 20-9b.

The basic component of most meters, including ammeters, voltm(|
ohmmeters, is a galvanometer. We have already seen how thesc i
designed (Section 19-10), and now we can examine how the ciil
ment, a galvanometer, itself works. As shown in Fig. 20-31, a galy
consists of a coil of wire (with attached pointer) suspended in th¢
ic field of a permanent magnet. When current flows through th¢
wire, which is usually rectangular, the magnetic field exerts a tor|il
loop, as given by Eq. 20-9b, 7 = NIAB sin 6. This torque is opp
spring which exerts a torque 7, approximately proportional to th¢
through which it is turned (Hooke’s law). That is,

T, = k¢,

where k is the stiffness constant of the spring. Thus the coil ani
tached pointer will rotate only to the point where the spring (ot{j
ances the torque due to the magnetic field. From Eq. 20-9b we (h
k¢ = NIABsin 0 or

NIAB sin 0
$=""

Thus the deflection of the pointer, ¢, is directly proportional (o |
rent I flowing in the coil. But it also depends on the angle 8 the coll
with B. For a useful meter we need ¢ to depend only on I, indepuif
6. To solve this problem, curved pole pieces are used and the galviii
coil is wrapped around a cylindrical iron core as shown in Fig. 20
iron tends to concentrate the magnetic field lines so that B alwiyk
parallel to the face of the coil at the wire outside the core. The i
then always perpendicular to the face of the coil and the torque "
vary with angle. Thus ¢ will be proportional to , as required.

A chart recorder, in which a pen graphs a signal such as i
(electrocardiogram—Section 17-11) on a moving roll of paper, is b




Armature Lead wires to armature coil
Commutator

| Brushes,

)ltnge source

| 20~33 Diagram of a FIGURE 20-34 The commutator-brush arrangement

filotor, in a dc motor assures alternation of the current in the
armature to keep rotation continuous. The commutators
are attached to the motor shaft and turn with it, whereas
the brushes remain stationary.

iimcter. The pen is attached to an arm, which is connected to the
juler coil. The instrument could record either voltage or current,
iy galvanometer can be connected as a voltmeter or ammeter.
‘gloctric motor changes electric energy into (rotational) mechanical  Electric motor
motor works on the same principle as a galvanometer, except
0 I8 no spring so the coil can rotate continuously in one direction.
| In larger and is mounted on a large cylinder called the rotor or
0, 1g. 20-33. Actually, there are several coils, although only one ® puvysics APPLIED
{od in the figure. The armature is mounted on a shaft or axle. At
ihunt shown in Fig. 20-33, the magnetic field exerts forces on the
i the loop as shown. However, when the coil, which is rotating
We in Fig. 20-33, passes beyond the vertical position the forces
hen act to return the coil back to vertical if the current remained
fio. But if the current could somehow be reversed at that critical
|, the forces would reverse, and the coil would continue rotating in
¢ direction. Thus, alternation of the current is necessary if a motor
jtn continuously in one direction. This can be achieved in a dc
With the use of commutators and brushes: as shown in Fig. 20-34,
Ihes are stationary contacts that rub against the conducting com-
¥ mounted on the motor shaft. At every half revolution, each
lntor changes its connection to the other brush. Thus the current
L0il reverses every half revolution as required for continuous rota-
(st motors contain several coils, called “windings,” each located in
funt place on the armature, Fig. 20-35. Current flows through each
ily during a small part of a revolution, at the time when its orienta- "™ PHYSICS APPLIED
ults in the maximum torque. In this way, a motor produces a much  4¢ po10r
i torque than can be obtained from a single coil. An ac motor, with
‘unt as input, can work without commutators since the current itself
\l¢s. Many motors use wire coils to produce the magnetic field
‘hmagnets) instead of a permanent magnet. Indeed the design of
Pructicial motors is more complex than described here, but the gen-
IInciples remain the same.

DC motor

FIGURE 20-35 Motor with
many windings.
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Loudspeakers

Rigid
Coil of wire metal
(attached to
speaker cone)

CZECAN

FIGURE 20-36
Loudspeaker.

FIGURE 20-37 The Hall
effect. (a) Negative charges
moving to the right as the
current. (b) Positive charges
moving to the left as the current.

* The Hall Effect

CHAPTER20 Magnetism

A loudspeaker also works on the principle that a magil
force on a current-carrying wire. The electrical output of a riclif
is connected to the wire leads of the speaker. The speaker luiif
nected internally to a coil of wire, which is itself attached 1o (B
cone, Fig. 20-36. The speaker cone is usually made of stiffened
and is mounted so that it can move back and forth freely. A
magnet is mounted directly in line with the coil of wire. Wheil
nating current of an audio signal flows through the wire coil, |
the attached speaker cone experience a force due to the magn!
the magnet. As the current alternates at the frequency of the il
the speaker cone moves back and forth at the same frequency, ¢
ternate compressions and rarefactions of the adjacent air,
waves are produced. A speaker thus changes electrical energy |
energy, and the frequencies and intensities of the emitted soun
be an accurate reproduction of the electrical input.

When a current-carrying conductor is held firmly in a magnciie
field exerts a sideways force on the charges moving in the condli
example, if electrons move to the right in the rectangular condud{
in Fig. 20-37a, the inward magnetic field will exert a downwar(l
the electrons Fy = evyB, where vy is the drift velocity of the
(Section 18-9). So the electrons will tend to move nearer face §
R. There will thus be a potential difference between faces R and
conductor. This potential difference builds up until the electric {}
produces exerts a force, eEy, on the moving charges that is equil
posite to the magnetic force. This effect is called the Hall effect nf§
Hall, who discovered it in 1879. The difference of potential [
called the Hall emf.

The electric field due to the separation of charge is called §
field, E,;, and points downward in Fig. 20-37a, as shown. In equilib
force due to this electric field is balanced by the magnetic force ¢i

eEy = evyB.

Hence E,; = v4B. The Hall emf is then (assuming the conducltt
and thin so Ey is uniform)

%y = Enl = veBl,

where [ is the width of the conductor.

A current of negative charges moving to the right is equivalent
itive charges moving to the left, at least for most purposes. But (he¢
fect can distinguish these two. As can be seen in Fig. 20-37h,
particles moving to the left are deflected downward, so that the
surface is positive relative to the top surface. This is the reverse of |
Indeed, the direction of the emf in the Hall effect first revealed (}
negative particles that move in metal conductors. In some semicont
however, the Hall effect reveals that the carriers of current arc
(more on this in Chapter 29).

The magnitude of the Hall emf is proportional to the strenglif
magnetic field. The Hall effect can thus be used to measure magnel




ths. First the conductor, called a Hall probe, is calibrated with
magnetic fields. Then, for the same current, its emf output will be a
f¢ of B. Hall probes can be made very small and are convenient and
{¢ to use.

Hiv Hall effect can also be used to measure the drift velocity of charge
4 when the external magnetic field B is known. Such a measurement
llows us to determine the density of charge carriers in the material.

WU Rl Drift velocity using the Hall effect. A long copper
|.8 cm wide and 1.0 mm thick is placed in a 1.2-T magnetic field as
Iit. 20-37a. When a steady current of 15 A passes through it, the Hall
ﬁ! measured to be 1.02 uV. Determine the drift velocity of the elec-
i and the density of free (conducting) electrons (number per unit
jihc) in the copper.

JUTION The drift velocity (Eq. 20-11) is

_ ¥y 1.02x10°°V. 47 X 10~ m/
T BT (12T)(18 X 1072m) m/s.
el tensity of charge carriers # is obtained from Eq. 18-10, I = nev, A,
Aol je A is the cross-sectional area through which the current I flows. Then
- I_ 15A
.rf:m e, A (1.6 X 107 C)(4.7 X 10 m/s)(1.8 X 102 m)(1.0 X 10> m)
han § =11 X 10%m™>,

Sa
:Hd B
and
ter I8
dues

Iy value for the density of free electrons in copper,n = 11 X 10% per m,
Ilc experimentally measured value. It represents more than one free
Wion per atom, which as we saw in Example 18-13 is 8.4 X 10%m™,

the | = P4 Mass Spectrometer

riuny,
)d”' 1

us methods were developed in the early part of this century to mea-
| the masses of atoms. One of the most accurate was the mass spectrom-
of Fig. 20-38. Ions are produced by heating, or by an electric current,
s | ¢ source S. Those that pass through slit S, enter a region where there
hoth electric and magnetic fields: the magnetic field points out of the
In Fig. 20-38, and the electric field points up (from the + plate toward
20+ plate). Ions will follow a straight-line path in this region, as shown, if
Wlectric force gE (upward on a positive ion) is just balanced by the mag-
nt 1o § force quB (downward on a positive ion): that is, if

€ H"‘ qE = qrvB

1, ponil

ie botf; E

£ pant =3

I that {§

nducl Jlher words, those ions (and only those) whose speed is v = E/B will
e ponll through undeflected and emerge through slit S,. (This arrangement is
)l a velocity selector.) In the second region, after S,, there is only a
gth ol §

mnetic | lerm mass spectrograph is also used.

*SECTION 20-12
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The mass spectrometer

FIGURE 20-38 Bainbridge
mass spectrometer. The magnetic
fields B and B’ point out of the
paper (indicated by the dots).

Photograp_hi_c .
film
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Domains in iron tiny regions known as domains, which are at most about 1 mm in |

CHAPTER20 Magnetism

magnetic field B’ so the ions follow a circular path. The radil
path can be measured because the ions darken the photoprii|
where they strike. Since quB’ = mv?*/r and v = E/B, then wc i

qB'r _ qBB'r
v E

All the quantities on the right can be measured, and thus m ci
mined. Note that for ions of the same charge, the mass of eacli
tional to the radius of its path.

The masses of many atoms were measured in this way. Wi
substance was used, it was sometimes found that two or maf
spaced marks would appear on the film. For example, neon pi( {
marks whose radii corresponded to atoms of mass 20 and 22 a{(
units (u). Impurities were ruled out and it was concluded that (i
be two types of neon with different masses. These different (8
called isotopes. It was soon found that most elements are mix!i
topes. We shall see in Chapter 30 that the difference in mass i d
ferent numbers of neutrons.

Mass spectrometers can be used to separate not only differonl
and isotopes, but different molecules as well. They are used in 1l
chemistry, and in biological and biomedical laboratories.

m=

VIS EN Mass spectrometry. Carbon atoms of afuf
12.0u are found to be mixed with another, unknown, element, |
spectrometer, the carbon traverses a path of radius 22.4 cm Wi
known’s path has a 26.2 cm radius. What is the unknown cleii
sume they have the same charge.

SOLUTION Since mass is proportional to the radius, we hav(
m, 262cm
me  24cm

Thus m, = 1.17 X 12.0u = 14.0u. The other element is probil

gen (see the periodic table, inside the back cover). However, i1 (&

be an isotope of carbon or oxygen. Further physical or chemicul
would be needed.

* merromagnetism; Domains

We saw in Section 20-1 that iron (and a few other materials) caii §
into strong magnets. These materials are said to be ferromagneti¢
look more deeply into the sources of ferromagnetism.

A bar magnet, with its two opposite poles at either end, resel
electric dipole (equal-magnitude positive and negative charges K
by a distance). Indeed, a bar magnet is sometimes referred to i
netic dipole.” There are opposite “poles” separated by a distance,
magnetic field lines of a bar magnet form a pattern much like (hj
electric field of an electric dipole: compare Fig. 16-29a with Fig, 3

Microscopic examination reveals that a magnet is actually i@




fich domain behaves like a tiny magnet with a north and a south
in unmagnetized piece of iron, these domains are arranged ran-
44 shown in Fig. 20-39a. The magnetic effects of the domains cancel

3 itr out, so this piece of iron is not a magnet. In a magnet, the do-

f¢ preferentially aligned in one direction as shown in Fig. 20-39b

vird in this case). A magnet can be made from an unmagnetized

il iron by placing it in a strong magnetic field. (You can make a

,h"' - Magnetic, for example, by stroking it with one pole of a strong magnet.)
15

il observations show in this case that the magnetization of domains
unlly rotate slightly so as to be more nearly parallel to the external
Ui, more commonly, the borders of domains move so that those do-
Whose magnetic orientation is parallel to the external field grow in
the expense of other domains. This can be seen by comparing
1Ya and b. This explains how a magnet can pick up unmagnetized
ol iron like paper clips or bobby pins. The magnet’s field causes a
\lignment of the domains in the unmagnetized object so that the ob-
tomes a temporary magnet with its north pole facing the south pole
permanent magnet, and vice versa; thus, attraction results. In the
Wiy, elongated iron filings will arrange themselves in a magnetic field
telel I compass needle does, and will reveal the shape of the magnetic
hysig . 20-40.

Il lron magnet can remain magnetized for a long time, and thus it is
(l 1o as a “permanent magnet.” However, if you drop a magnet on
o or strike it with a hammer, you may jar the domains into ran-
#8. The magnet can thus lose some or all of its magnetism. Heating
itt too can cause a loss of magnetism, for raising the temperature
ius the random thermal motion of the atoms which tends to ran-
0 the domains. Above a certain temperature known as the Curie
future (1043 K for iron), a magnet cannot be made at all.’
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: licre is a striking similarity between the fields produced by a bar

)l and by a loop of electric current or a solenoid (compare

1) 3b with Figs. 20-11 and 20-27). This suggests that the magnetic

. roduced by a current may have something to do with ferromagnet-

al:)l); m i idea proposed by Arhpére in the nineteenth century. According to
cot

I atomic theory, the atoms that make up any material can be rough-
lnlized as containing electrons that orbit around a central nucleus.
Ihe electrons are charged, they constitute an electric current and
jore produce a magnetic field. But if there is no external field, the
i orbits in different atoms are arranged randomly, so the magnetic
4 due to the many orbits in all the atoms in a material cancel out.
bver, electrons produce an additional magnetic field, almost as if they
oir electric charge were spinning about their own axes. It is the mag-
licld due to electron spin that is believed to produce ferromagnetism.

:al

n be | v
ic. W¢

semby|
SC lickel, cobalt, gadolinium, and certain alloys are ferromagnetic at room temperature;

W
as g il vther elements and alloys have low Curie temperature and thus are ferromagnetic
:e. Al | low temperatures.

hat (g jihic “spin” comes from the early suggestion that the additional magnetic field arises from
.20 Uiron “spinning” on its axis (as well as “orbiting” the nucleus) and this additional motion
4 . 4 g

il “hnrge was supposed to produce the extra field. However this view of a spinning electron
nagy 1 gl'f' d:see Ch 28 ’
. lc"u Amplified: see Chapter 28.

(a) (®)

FIGURE 20-39 (a)An
unmagnetized piece of iron is
made up of domains that are
randomly arranged. Each domain
is like a tiny magnet; the arrows
represent the magnetization
direction, with the arrowhead
being the N pole. (b) In a magnet,
the domains are preferentially
aligned in one direction, and may
be altered in size by the
magnetization process.

FIGURE 20-40 Iron filings
line up along magnetic field lines.
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FIGURE 20-41 Magnetic
field of a solenoid. The north pole
of this solenoid, thought of as a
magnet, is on the right, and the
south pole is on the left.

wW PHYSICS APPLIED

Electromagnets and solenoids
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In most materials, the magnetic fields due to electron spin ¢l
in iron and other ferromagnetic materials, a complicated
mechanism seems to operate. The result is that the electrons @
to the ferromagnetism in a domain “spin” in the same dircctic
tiny magnetic fields due to each of the electrons add up to gi¥
netic field of a domain. And when the domains are aligned,
seen, a strong magnet results.

It is believed possible today that all magnetic fields al¢
electric currents. This would explain why no single magnetic
been found: there is no way to divide up a current and ohIN
magnetic pole. Of course if an isolated pole is found, we will li§
the idea that all magnetic fields are produced by currents.

The lack of single magnetic poles means that magnetic ficll
closed loops, unlike electric field lines which begin on positive (
end on negative charges.

A long coil of wire consisting of many loops of wire, as discus
tion 20-8, is called a solenoid. The magnetic field within a solen
fairly large since it will be the sum of the fields due to the curi¢
loop (see Fig. 20-41). The solenoid acts like a magnet; one end ¢
sidered the north pole and the other the south pole, depending
rection of the current in the loops (use the right-hand rulc),
magnetic field lines leave the north pole of a magnet, the nortli |
solenoid in Fig. 20-41 is on the right.

If a piece of iron is placed inside a solenoid, the magneti¢ i
creased greatly because the domains of the iron are aligned by
netic field produced by the current. The resulting magnetic ficld [§
of that due to the current and that due to the iron, and can be hif
thousands of times that due to the current alone (see Section 2(}+
arrangement is called an electromagnet. The iron used in elcciiis
acquires and loses its magnetism quite readily when the currcnl !
on or off, and so is referred to as “soft iron.” (It is “soft” only in
ic sense.) Iron that holds its magnetism even when there is no ¢!
applied field is called “hard iron.” Hard iron is used in permai
nets. Soft iron is usually used in electromagnets so that the fial
turned on and off readily. Whether iron is hard or soft dependi
treatment and other factors.

Electromagnets find use in many practical applications, {10l
motors and generators to producing large magnetic fields for renel
cause the current flows continuously, a great deal of wastc i
power) is often produced. Cooling coils, which are tubes carryli
must be used to absorb the heat in bigger installations. For som¢
tions, superconducting magnets are coming into use. The currents
wires are made of superconducting material (Section 18-5) kaji
the transition temperature. No electric power is needed to mainli
current, which means large savings of electricity. Of course, energy

ed to keep the superconducting coils at the necessary low tempetil




flother useful device consists of a solenoid into which a rod of iron is
lly inserted. This combination is also referred to as a solenoid. One sim-
v as a doorbell (Fig. 20-42). When the circuit is closed by pushing the
the coil effectively becomes a magnet and exerts a force on the iron
Hiv rod is pulled into the coil and strikes the bell. A larger solenoid is
) Ihe starters of cars; when you engage the starter, you are closing a cir-
it not only turns the starter motor, but activates a solenoid that first
(he starter into direct contact with the engine. Solenoids are used as
o1 in many other devices, such as tape recorders. They have the advan-
I moving mechanical parts quickly and accurately.

B3 Magnetic Fields in Magnetic Materials;
Hysteresis

llold of a long solenoid is directly proportional to the current. Indeed,
)-8 tells us that the field B, inside a solenoid is given by

By = ponl.

% valid if there is only air inside the coil. If we put a piece of iron or
lerromagnetic material inside the solenoid, the field will be greatly
fed, often by hundreds or thousands of times. This occurs because
hmains in the iron become preferentially aligned by the external
I'he resulting magnetic field is the sum of that due to the current and
fluc to the iron. It is sometimes convenient to write the total field in
Hike as a sum of two terms:

B = B, + By, (20-12)

8, B, refers to the field due only to the current in the wire (the “exter-
pld”). It is the field that would be present in the absence of a ferro-
\ulic material. Then B, represents the additional field due to the
Ihngnetic material itself; often By, >> B,

i total field inside a solenoid in such a case can also be written by
¢ing the constant p, in Eq. 20-8 by another constant, u, characteristic
0 material inside the coil;

B = pnl; (20-13)

Cilled the magnetic permeability of the material. For ferromagnetic
flals, u is much greater than - For all other materials, its value is
glose to po.'f The value of u, however, is not constant for ferromag-
materials; it depends on the value of the external field B,, as the fol-
Il experiment shows.

Miterials are slightly magnetic. Nonferromagnetic materials fall into two principal class-
Wmagnetic, in which p is very slightly larger than ug; and diamagnetic, in which p is
lightly less than p. Paramagnetic materials apparently contain atoms that have a net
Mlic dipole moment due to orbiting electrons, and these become slightly aligned with an
il field just as the galvanometer coil in Fig. 20-31 experiences a torque that tends to
Il Atoms of diamagnetic materials have no net dipole moment. However, in the pres-
Dl un external field, electrons revolving in one direction are caused to increase in speed
ly, whereas those revolving in the opposite direction are reduced in speed. The result is

Il net magnetic effect that actually opposes the external field.

Spring

%ISwitch
120V

120V

FIGURE 20-42 Solenoid
used as a doorbell.
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FIGURE 20-43 Iron-core torus. FIGURE 20-44 ‘lolyl
field B in an iron-core tuf{l
function of the external i}
is caused by the current / |i§

‘ Measurements on magnetic materials are generally dong

| torus, which is essentially a long solenoid bent into the shape (

J (Fig. 20-43), so that practically all the lines of B remain within {

1.20}-B(T) b Suppose the torus has an iron core that is initially unmagnetizcd | |

is no current in the windings of the torus. Then the current I'inel

creased, and B, increases linearly with 1. The total field B also I

but follows the curved line shown in the graph of Fig. 20—44. (Nol§

ferent scales: B >> B,.) Initially, point 4, the domains (Section A

randomly oriented. As By increases, the domains become morc il

/ g aligned until at point b, nearly all are aligned. The iron is said |

0.40 .80 1.20 proaching saturation. Point b is typically 70 percent of full satuil

By(103T) B, is increased further, the curve continues to rise very slowly, andl

98 percent saturation only when B, reaches a value about a thoii

above that at point b; the last few domains are very difficull ((

Next, suppose the external field B, is reduced by decreasing the il

f the coils. As the current is reduced to zero, point ¢ in Fig. 20-48,

e mains do not become completely random. Some permanent magi¢H

mains. If the current is then reversed in direction, enough domali

turned around so B = 0 (point d). As the reverse current is increi

ther, the iron approaches saturation in the opposite direction (polil

nally, if the current is again reduced to zero and then increasu

original direction, the total field follows the path efgb, again appil
saturation at point b.

Notice that the field did not pass through the origin (point a)
cycle. The fact that the curves do not retrace themselves on the sl
Hysteresis  is called hysteresis. The curve bedefgb is called a hysteresis loop. |}

cycle, much energy is transformed to thermal energy (friction) du
aligning of the domains. It can be shown that the energy dissipate(l
way is proportional to the area of the hysteresis loop.

FIGURE 20-45 Hysteresis curve.
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IRE 20-46 Hysteresis
O soft iron.

i
)
niig
| N

FIGURE 20-47 Successive
hysteresis loops during demagnetization.

| points ¢ and f, the iron core is magnetized even though there is no
il | in the coils. These points correspond to a permanent magnet. For a

he lhent magnet, it is desired that ac and af be as large as possible. Ma-

lor which this is true are said to have high retentivity, and may be

usl (l to as “hard.” On the other hand, a hysteresis curve such as that in
[0 46 occurs for so-called “soft iron” (soft from a magnetic point of
he | | I'his is preferred for electromagnets (Section 20-14) since the field
wd b more readily switched off, and the field can be reversed with less

lowl f cnergy.

nere \ lcrromagnetic material can be demagnetized—that is, made un-

Demagnetizing

¢t Wlized. This can be done by reversing the magnetizing current re-
)= 1 Wly while decreasing its magnitude. This results in the curve of

wd 8
10 he
atlof

) 47. The heads of a tape recorder are demagnetized in this way. The
liting magnetic field acting at the heads due to a demagnetizer is
i} when the demagnetizer is placed near the heads and decreases as it

dre Wved slowly away. (Cassette tapes themselves can be erased and ru-

15 by a magnetic field.)
to i) !
uril

5, th PROBLEM SOLVING MagneticFields

ety

ns netic fields are somewhat analogous to the
o8¢l tic fields of Chapter 16, but there are several
inl iitant differences to recall:

ed If

prou¢ [he force experienced by a charged particle

uving in a magnetic field is perpendicular to
a) Iy ¢ direction of the magnetic field (and to the
;amg Ircction of the velocity of the particle), where-
In sitl i he force exerted by an electric field is paral-
due ( ¥ 10 the direction of the field (and unaffected
ted 1§ the velocity of the particle).

2. The right-hand rule, in its many forms, is in-
tended to help you determine the directions of
magnetic field, and the forces they exert, and/
or the directions of electric current or charged
particle velocity. The right-hand rules are
specifically designed to deal with the “perpen-
dicular” nature of these quantities.

3. Note that the equations in this chapter are gen-
erally not printed as vector equations, but in-
volve magnitudes only. The right-hand rule is to
be used to find directions of vector quantities.

*SECTION 20-15
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J_SUMMARY

A magnet has two poles, north and south. The north-
pole is that end which points toward the north when
the magnet is freely suspended. Unlike poles of two
magnets attract each other, whereas like poles repel.

We can imagine that a magmetic field sur-
rounds every magnet. The SI unit for magnetic field
is the tesla (T). The force one magnet exerts on an-
other is said to be an interaction between one mag-
net and the magnetic field produced by the other.

Electric currents produce magnetic fields. For
example, the lines of magnetic field due to a cur-
rent in a straight wire form circles around the wire
and the field exerts a force on magnets.

The magnitude of the magnetic field a distance r
from a long straight wire carrying a current / is
given by

po 1

27 r
A magnetic field exerts a force on an electric

. QUESTIONS

current. For a straight wire of length /
current I, the force has magnitude

F = IIBsin 0,

where 0 is the angle between the magié
strength B and the wire. The direction Of
is perpendicular to the wire and to (¢
field, and is given by the right-hand rul¢

Similarly, a magnetic field exerts i i
charge g moving with velocity v of mai

F = quBsin 6,

where 0 is the angle between v and B,
tion of F is perpendicular to v and to I,
of a charged particle moving perpendig
uniform magnetic field is a circle.

The force exerted on a current-cartylii
a magnetic field is the basis for operativl
devices, such as meters, motors, and louds|

1. A compass needle is not always balanced parallel to
the Earth’s surface but one end may dip downward.
Explain.

2. Draw the magnetic field lines around a straight sec-
tion of wire carrying a current horizontally to the left.

3. In what direction are the magnetic field lines sur-
rounding a straight wire carrying a current that is
moving directly toward you?

4. The magnetic field due to current in wires in your
home can affect a compass. Discuss the problem in
terms of currents, including if they are ac or dc.

5. What kind of field or fields surround a moving elec-
tric charge?

6. Will a magnet attract any metallic object, or only
those made of iron? (Try it and see.) Why is this so?

7. Two iron bars attract each other no matter which ends

are placed close together. Are both magnets? Explain.

Note that the pattern of magnetic field lines sur-

rounding a bar magnet is similar to that of the elec-

tric field around an electric dipole. From this fact,
predict how the magnetic field will change with dis-
tance (a) when near one pole of a very long bar
magnet, and (b) when far from a magnet as a whole.

9. Suppose you have three iron rods, two of which are
magnetized but the third is not. How would you de-
termine which two are the magnets without using
any additional objects?

*8
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10. How can you make a compass withou! uif
other ferromagnetic material?
11. A horseshoe magnet is held vertically witl}
pole on the left and south pole on the g1l
passes between the poles, equidistant froni §
carries a current directly away from yoii:
direction is the force on the wire?
Can you set a resting electron into motion W
netic field? With an electric field?
13. A charged particle is moving in a circle il ¢
fluence of a uniform magnetic field. 11 |
field that points in the same direction as (&
ic field is turned on, describe the path (h§
particle will take.
Each of the right-hand rules you learned i
ter can be changed to left-hand rules if you §
fying the direction of movement of negatine
such as electrons in a wire. Show, for eacl (|
rule, that the same operations using the left |
the same results if the direction of charge (i
negative charges.
A charged particle moves in a straight lin¢ |
particular region of space. Could there be i
magnetic field in this region? If so, give wil
situations.
16. If a moving charged particle is deflected ld
some region of space, can we conclude fof
that B # 0 in that region?

Y

14

7




Negatively charged particle enters a region of
'm magnetic field which is perpendicular to the
tle’s velocity, will the kinetic energy of the par-
Increase, decrease, or stay the same. Explain
‘wnswer. (Neglect gravity.)
. 20-48, charged particles move in the vicinity
virrent carrying wire. For each charged particle
Wrow indicates the direction of motion of the
Jlole and the + or — indicates the sign of the
ijjo. For each of the particles, indicate the direc-
il 0f the magnetic force due to the magnetic field
liced by the wire.

FIGURE 20-48 Question 18.

lnin why a strong magnet held near a television
lun causes the picture to become distorted. Also,
llnin why the picture sometimes goes completely
'k where the field is the strongest.
# particular region of space there is a uniform
jinctic field B. Outside this region, B = 0. Can
il Inject an electron into the field perpendicularly
It wilt move in a closed circular path in the field?
W could you tell whether moving electrons in a
Hiiln region of space are being deflected by an
Utric field or by a magnetic field (or by both)?
heam of electrons is directed perpendicularly to-
!l 0 horizontal wire carrying a current from left to
it. In what direction are the electrons deflected?
i) long wires carrying equal currents 7 are at right
iiles to each other, but don’t quite touch. Describe
¥ magnetic force one exerts on the other.
lorizontal current-carrying wire, free to move, is
jended directly above a second, parallel, current-
ftying wire. (a) In what direction is the current in
b lower wire? (b) Can the upper wire be held in
ihle equilibrium due to the magnetic force of the
vr wire? Explain.,

PROBLEMS

25

26.

What factors determine the sensitivity of a galvano-
meter?

A rectangular piece of semiconductor is inserted in a
magnetic field and a battery is connected to its ends as
shown in Fig. 20-49. When a sensitive voltmeter is
connected between points a and b, it is found that
point a is at a higher potential than b. What is the sign
of the charge carriers in this semiconductor material?

B

—

FIGURE 20-49 Question 26.

. Two ions have the same mass, but one is singly ion-

ized and the other is doubly ionized. How will their
positions on the film of the mass spectrograph of
Fig. 20-38 differ?

. Why will either pole of a magnet attract an unmag-

netized piece of iron?

. An unmagnetized nail will not attract an unmagne-

tized paper clip. However, if one end of the nail is in
contact with a magnet, the other end will attract a
paper clip. Explain.

. Another type of magnetic switch similar to a sole-

noid is a relay. A relay is an electromagnet (the iron
rod inside the coil does not move) that, when acti-
vated, attracts a piece of soft iron on a pivot. Design
a relay (@) to make a doorbell, and (b) to close an
electrical switch. A relay is used in the latter case
when you need to switch on a circuit carrying a very
large current but you do not want that large current
flowing through the main switch. For example, the
starter switch of a car is connected to a relay so that
the large currents needed for the starter do not pass
to the dashboard switch.

TIONS 20-3 AND 20-4
) (1) What is the force per meter on a wire carrying
).80-A current when perpendicular to a 0.80-T

pnetic field? (b) What if the angle between the
Hiv and field is 45.0°7

. (I) A 1.5-m length of wire carrying 6.5 A of current
is oriented horizontally. At that point on the Earth’s
surface, the dip angle of the Earth’s magnetic field
makes an angle of 40° to the wire. Estimate the mag-
netic force on the wire due to the Earth’s magnetic
field of 5.5 X 1075 T at this point.
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3. (I) How much current is flowing in a wire 420m
long if the maximum force on it is 0.900N when
placed in a uniform 0.0800-T field? )

I 4. (I) The force on a wire carrying 25.0 A is a2 maximum
of 414N when placed between the pole faces of a
magnet. If the pole faces are 22.0 cm in diameter, what
is the approximate strength of the magnetic field?

5. (I) Determine the magnitude and direction of the
force on an electron traveling 3.58 X 10°m/s hori-
zontally to the west in a vertically upward magnetic
field of strength 1.30 T.

6. (I) Describe the path of an electron that is projected
vertically upward with a speed of 1.80 X 10° m/s
into a uniform magnetic field of 0.250 T that is di-
rected away from the observer.

I S i

v
! (a) () © (d)
B
'.‘ | — A
| () ()

‘ FIGURE 20-50 Problem7.

7. (I) Find the direction of the force on a negative
charge for each diagram shown in Fig. 20-50, where v
is the velocity of the charge and B is the direction of
the magnetic field. (® means the vector points in-
ward. © means it points outward, toward the viewer.)

8. (I) Determine the direction of B for each case in
Fig. 20-51, where F represents the force on a posi-
tively charged particle moving with velocity v.

o %
?_(i? - F
(a) () ©

FIGURE 20-51 Problem8.

9. (I) Alpha particles of charge g = +2e¢ and mass

| m = 6.6 X 107% kg are emitted from a radioactive

source at a speed of 1.6 X 107 m/s. What magnetic

field strength would be required to bend these into a
circular path of radius r = 0.25 m?

10. (II) An electron experiences the greatest force as it
travels 1.8 X 10°m/s in a magnetic field when it is
moving southward. The force is upward and of mag-

nitude 2.2 X 10”2 N. What is the magnitude and di-

rection of the magnetic field?
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11. (II) The magnetic force per meter on i §
sured to be only 45 percent of its mux/iil
value. Sketch the relationship of thu W
field if the force were a maximum, and &
lationship as it actually is, calculating {il
tween the wire and the magnetic ficld.

12. (II) The force on a wire is a maximu
when placed between the pole faccx (I
The current flows horizontally to the (|j
magnetic field is vertical. The wire I
“jump” toward the observer when (i ;
turned on. (a) What type of magnetic |i(
pole face? (b) If the pole faces have i
10.0 cm, estimate the current in the Wilg
is 0.15T. (c) If the wire is tipped it [§
makes an angle of 10° with the horizontith
will it now feel?

13. (II) A proton moves in a circular path [{§
to a 1.15-T magnetic field. The radius (f
8.40 mm. Calculate the energy of the piil

14. (II) For a particle of mass m and chaipt §
a circular path in a magnetic field B, sha
netic energy is proportional to 7%, the s
radius of curvature of its path.

15. (II) A particle of charge g moves in i (4
of radius 7 in a uniform magnetic ficld i
its momentum is p = gBr.

16. (II) For a particle of mass m and charye ¢
a circular orbit in a uniform magnetic (¢
that its angular momentum is given by /.

17. (I1) A sort of “projectile launcher” {§
Fig. 20-52. A large current moves in i {
composed of fixed rails, a power supply,
light, almost frictionless bar touching the |
netic field is perpendicular to the planc of

If the bar has a length of 20 cm, a mass ol |
placed in a field of 1.7 T, what constant ciiff
needed in order for it to accelerate to () i}
tance of 1.0 m? In what direction must (h¢

L=
L= ;
1

FIGURE 20-52 Problem |7
18. (I1I) A 3.80-g bullet moves with a spcud §
perpendicular to the Earth’s magnellf
5.00 X 1075 T. If the bullet possesses a n¢l
8.10 X 107° C, by what distance will it i
from its path due to the magnetic ficld |
traveled 1.00 km?




IONS 20-5 AND 20-6

limper cables used to start a stalled vehicle often
Y 0 15-A current. How strong is the magnetic
I} 15cm away? What percentage of the Earth’s
fictic field is this?
Il « magnetic field no larger than that of the
h (0.55 X 107*T) is to be allowed 30 cm from
| lectrical wire, what is the maximum current the
:w':' N tan carry?
f ‘What is the magnitude and direction of the force
in Wuen two parallel wires 45m long and 6.0 cm
it {1, cach carrying 35 A in the same direction?
[l A vertical straight wire carrying an upward 12-A
o funt exerts an attractive force per unit length of
vhit % 107* N/m on a second parallel wire 7.0 cm
‘ y. What current (magnitude and direction) flows
sond 1lic second wire?
iin (8 ) What is the maximum current that a wire can
i ily I an experimenter is performing an experiment
mo il away that deals with the Earth’s magnetic field,
thid loh she wishes to measure to + 1 percent?

are What is the acceleration (in g’s) of a 175-g
Mlel airplane charged to 18.0 C and traveling at
cull iI\/s as it passes within 8.6 cm of a wire, nearly
Shi llel to its path, carrying a 30-A current?
) A horizontal compass is placed 20 cm due south
il ) o straight vertical wire carrying a 30-A current
14 1 nward. In what direction does the compass nee-
' puint at this location? Assume the horizontal
Wl ihponent of the Earth’s field at this point is
Joned 4 X 107 T and the magnetic declination is 0°.
hlﬁl J 1) A long horizontal wire carries 12.0 A of current
il north. What is the net magnetic field 20.0 cm
tho i west of the wire if the Earth’s field there points
15 JWwnward, 40° below the horizontal, and has magni-
rent o 5.0 X 107 T?
1/x Ik l) A stream of protons passes a given point in
field Wte at a rate of 10° protons/s. What magnetic field
they produce 2.0 m from the beam?

|) Determine the magnetic field midway between
U long straight wires 2.0 cm apart in terms of the
jfunt I in one when the other carries 15 A. As-
he these currents are (@) in the same direction,
il (b) in opposite directions.

I) A long pair of wires serves to conduct 25.0 A of
current to (and from) an instrument. If the wires
) of negligible diameter but are 2.0mm apart,
ol | bt is the magnetic field 10.0 cm from their mid-
ic i Bint, in their plane (Fig. 20-53)? Compare to the
et chil ipnetic field of the Earth.

L

e e
altel

10.0 cm |

e
2.0 mm

FIGURE 20-53

Problem 29.

30. (II) A compass needle points 20°E of N outdoors.
However, when it is placed 8.0 cm to the east of a
vertical wire inside a building, it points 55°E of N.
What is the magnitude and direction of the current
in the wire? The Earth’s field there is 0.50 X 1074 T
and is horizontal.

31. (II) Three long parallel wires are 38.0 cm from one
another. (Looking along them, they are at three cor-
ners of an equilateral triangle.) The current in each
wire is 8.00 A, but that in wire A is opposite to that
in wires B and C (Fig. 20-54). Determine the mag-
netic force per unit length on each wire due to the
other two.

8.00 A in

38.0cm \®8.00A in

Cc

FIGURE 20-54 Problems 31 and 65.

32. (II) The magnetic field near the center of a single cir-
cular loop of radius 7, carrying current I, is given by:

kol

2r

Assume the planetary model for the hydrogen atom,
in which a single electron makes a circular orbit of
radius 5.3 X 107" m about the nucleus. What magni-
tude of magnetic field would the orbiting electron
produce at the nucleus?
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It Q Top wire
10.0cm
B=?
10.0cm
.ﬁ—»

- 0
Bottom wire

FIGURE 20-55 Problem 33.

33. (II) Two long wires are oriented so that they are per-
pendicular to each other, and at their closest, they
are 20.0 cm apart (Fig. 20-55). What is the magni-
tude of the magnetic field at a point midway be-
tween them if the top one carries a current of 200 A
and the bottom one carries 5.0 A?

. (1) A long horizontal wire carries a current of 48 A.
A second wire, made of 2.5-mm-diameter copper
wire and parallel to the first but 15 cm below it, is
held in suspension magnetically (Fig. 20-56).
(a) What is the magnitude and direction of the cur-
rent in the lower wire? (b) Is the lower wire in stable
equilibrium? (c) Repeat parts (a) and (b) if the sec-

ond wire is suspended 15 cm above the first due to
the latter’s field.

I=48A
D amm
1
15cm
e |

FIGURE 20-56 Problem 34.

(1I1) Two long parallel wires 6.00 cm apart carry
16.5-A currents in the same direction. Determine the
magnetic field strength at a point 12.0 cm from one
wire and 13.0cm from the other. [Hint: Make a
drawing in a plane containing the field lines, and re-
call the rules for vector addition.]

*35.

SECTION 20-8

*36. (I) A 30.0-cm long solenoid 1.25 cm in diameter is to
produce a field of 0.385 T at its center. How much
current should the solenoid carry if it has 1000 turns
of the wire?

(II) You have 1.0 kg of copper and want to make a
practical solenoid that produces the greatest possible
magnetic field. Should you make your copper wire
long and thin, short and fat, or something else? Con-
sider other variables, such as solenoid diameter,
length, and so on.

*37.

CHAPTER20 Magnetism
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FIGURE 20-57 Problem 38.(a) A tuf
(b) A section of the torus showing directiol|
current for three loops: © means current (Wi
and ® means current away from viewer.

*38, (I[) A torus is a solenoid in the shupe

*39.

* 40,

FIGURE 20-58 I
Problem 40.

(Fig. 20-57). Use Ampere’s law along thu (I
shown dashed in Fig. 20-57a, to detcrmi
magnetic field (a) inside the torus is B &
where N is the total number of turns, il
the torus is B = 0. (c) Is the field insiclo §
form like a solenoid’s? If not, how does if

(II) Use Ampere’s law to show that a UHE
netic field, such as between the pole pici
net, Fig. 20-8, cannot drop abruptly 10 #
the magnet. [Hinr: Take as your path a 1¢({
one vertical side inside the field and onu ¥
completely outside the field.]
(I1I) A current I, flowing in a long solid §
wire of radius ry, is uniform across the ¢i§
(Fig. 20-58). (@) Use Ampere’s law to Hhi
magnetic field inside the conductor al i
from the center of the conductor is

molr
B 27rr02'
Assume that the field lines are circles, Just
outside the conductor. (b) Show that at (¢
the wire this agrees with the answer for (&
field outside of a long wire. (c) Where is (/¢
field a maximum, and what is its maximuni
1.0-mm-diameter wire carrying 150 A
what distance from the surface would l)
10 percent of its maximum? [Hint: Make i
magpetic field strength as a function ol il
perpendicularly out from the central axis of |




‘'IONS 20-9 AND 20-10

A galvanometer needle deflects full scale for a
)L A current. What current will give full-scale de-
wllon if the magnetic field weakens to 0.860 of its
final value?

J If the restoring spring of a galvanometer weakens
20 percent over the years, what current will give
| icale deflection if it originally required 36 wA?

} Il the current to a motor drops by 15 percent, by
it {actor does the output torque change?

) A single square loop of wire 22.0 cm on a side is
ted with its face parallel to the magnetic field be-
gon the pole pieces of a large magnet. When
{} A flows in the coil, the torque on it is 0.325 m-N.
Jiunt is the magnetic field strength?

|) Show that the magnetic dipole moment M of an
Jutron orbiting the proton nucleus of a hydrogen
i is related to the orbital momentum L of the
lciron by

(M)

e

M:
2m

L.

1) A circular coil 18.0 cm in diameter and contain-

= N il cleven loops lies flat on the ground. The Earth’s
nd (i 9 agnetic field at this location has magnitude
le a “:‘ [} X 107 T and points into the Earth at an angle
it varyl { 50.0° below a line pointing due north. If a 7.70-A
uniforil iinterclockwise current passes through the coil,
eces ol ) determine the torque on the coil, and (b) which
0 zero Jiie of the coil rises up, north, east, south, or west?
rectinmy
e Vil TION 20-11
. 1) A rectangular sample of a metal is 3.0 cm wide
olid cyll b ! 500 wm thick. When it carries a 30-A current
© crof i is placed in a 0.80-T*magnetic field it produces a
show (I §.uV Hall emf. Determine: (a) the Hall field in the
it a dik Mhductor; (b) the drift speed of the conduction elec-
uny; (c) the density of free electrons in the metal.
I1) In a probe that uses the Hall effect to measure
ngnetic fields, a 12.0-A current passes through a
just ax 1l %0)-cm-wide 1.00-mm-thick strip of sodium metal. If
t the surll llo Hall emf is 2.42 uV, what is the magnitude of the
»r the nil lgnetic field (take it perpendicular to the flat face
is the il fthe strip)?'Assum.e one frfae electron per atom of
1um valll ih, and take its specific gravity to be 0.971.

Il) The Hall effect can be used to measure blood
low rate because the blood contains ions that con-
ltute an electric current. (@) Does the sign of the
iy influence the emf? (b) Determine the flow ve-
Jelly in an artery 3.3 mm in diameter if the mea-
iied emf is 0.10mV and B is 0.070 T. (In actual
llnctice, an alternating magnetic field is used.)

ke a plol

*SECTION 20-12

*50. (I) Protons move in a circle of radius 5.10cm in a
0.566-T magnetic field. What value of electric field
could make their paths straight? In what direction
must it point?

*51. (I) In a mass spectrometer, germanium atoms have
radii of curvature equal to 21.0, 21.6, 21.9, 22.2, and
22.8 cm. The largest radius corresponds to an atomic
mass of 76 u. What are the atomic masses of the
other isotopes?

*52. (II) Suppose the electric field between the electric
plates in the mass spectrometer of Fig. 20-38 is
2.48 x 10* V/m and the magnetic fields B = B’ =
0.68 T. The source contains carbon isotopes of mass
numbers 12, 13, and 14 from a long-dead piece of
a tree. (To estimate atomic masses, multiply by
1.67 X 10"% kg.) How far apart are the lines formed
by the singly charged ions of each type on the photo-
graphic film? What if the ions were doubly charged?

*53. (II) (a) What value of magnetic field would make a
beam of electrons, traveling to the right at a speed of
4.8 X 10°m/s, go undeflected through a region
where there is a uniform electric field of 10,000 V/m
pointing vertically up? (b) What is the direction of
the magnetic field if it is known to be perpendicular
to the electric field? (c) What is the frequency of the
circular orbit of the electrons if the electric field is
turned off?

*54. (II) A mass spectrometer is being used to monitor air
pollutants. It is difficult, however, to separate mole-
cules with nearly equal mass such as CO (28.0106 u)
and N, (28.0134 u). How large a radius of curvature
must a spectrometer have if these two molecules are
to be separated on the film by 0.50 mm?

*55. (II) One form of mass spectrometer accelerates ions
by a voltage V before they enter a magnetic field B.
The ions are assumed to start from rest. Show that
the mass of an ion is m = gB*R*/2V, where R is the
radius of the ions’ path in the magnetic field and q is
their charge.

*SECTION 20-15

*56. (II) An iron-core solenoid is 36 cm long, 1.5 cm in di-
ameter, and has 600 turns of wire. A magnetic field of
1.8 T is produced when 40 A flows in the wire. What
is the permeability p at this high field strength?
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57.

58.

59.

60.

61.

62.

63.

64.
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Protons with momentum 4.8 X 10 ®kg:m/s are
magnetically steered clockwise in a circular path
2.0km in diameter at Fermi National Accelerator
Laboratory in Illinois. What is the magnitude and
direction of the field in the magnets surrounding the
beam pipe?

A rectangular loop of wire is sitting next to a
straight wire, as shown in Fig. 20-59. There is a cur-
rent of 2.5 A in both wires. What is the magnitude
and direction of the net force on the loop?

25A
—

3 OTcm
25A :

5.0cm

[ 10.0 cm |

FIGURE 20-59 Problem 58.

A proton and an electron have the same kinetic ener-
gy upon entering a region of constant magnetic field.
What is the ratio of the radii of their circular paths?

Near the equator, the Earth’s magnetic field points al-
most horizontally to the north and has magnitude B =
0.50 X 10™*T. What should be the magnitude and di-
rection for the velocity of an electron if its weight is to
be exactly balanced by the magnetic force?

Calculate the force on an airplane which has ac-
quired a net charge of 155 C and moves with a speed
of 120m/s perpendicular to the Earth’s magnetic
field of 5.0 X 107°T.

The power cable for an electric trolley (Fig. 20-60)
carries a horizontal current of 330 A toward the east.
The Earth’s magnetic field has a strength 5.0 X 107° T
and makes an angle of dip of 22° at this location. Cal-
culate the magnitude and direction of the magnetic
force on a 10-m length of this cable.

A doubly charged helium atom, whose mass is
6.6 X 1077 kg, is accelerated by a voltage of 2400 V.
(2) What will be its radius of curvature in a uniform
0.240-T field? (b) What is its period of revolution?
A straight 1.00-mm-diameter copper wire can just
“float” horizontally in air because of the force of the
Earth’s magnetic field B which is horizontal and of
magnitude 5.00 X 107°T. What current does the
wire carry?

CHAPTER20 Magnetism

I=330A

65.

66.

West

FIGURE 20-61
rails. Problem 66.

67. Estimate the approximate maximum deflg

FIGURE 20-60 Problem ()

In Fig. 20-54 the top wire is 2.00-mm-diiig}
wire and is suspended in air due to the 1w
forces from the bottom two wires. The (i
through the two bottom wires is 20.0 A in ¢
late the required current flow in the suspuil

Two stiff parallel wires a distance / apuil
zontal plane act as rails to support a light
of mass m (perpendicular to each rail), 'l
magnetic field B, directed vertically upwai(l
in diagram), acts throughout. At ¢t = 0, wii
ed to the rails are connected to a conntili}
source and a current / begins to flow througl
tem. Determine the speed of the rod as i {{
time (z) assuming no friction between (li¢
the rails, and (b) if the coefficient of {1i¢|
(c) In which direction does the rod muvi
west, if the current through it heads north!

‘_;3@@@@@61;‘;%@@_.
I @@@@@@IM@@@
“ 000000l0o0 0
M0 0000Q 000

Looking down on a rod ¢

the electron beam near the center of a TV a(
to the Earth’s 5.0 X 107> T field. Assume {lif
is 20 cm from the electron gun where the ¢
are accelerated (a) by 2.0kV, or (b) by M !
that in color TV sets, the beam must be «lif
curately to within less than 1 mm in order
the correct phosphor. Because the Earth’s flg
nificant here, mu-metal shields are used 10 1¢ {
Earth’s field in the CRT. (See Section 17-();




vlcctron enters a large solenoid at a 7.0° angle to
nxis. If the field is a uniform 3.3 X 1072T, deter-
Ju the radius and pitch (distance between loops) of
¢lectron’s helical path if its speed is 1.8 X 107 m/s.
o cyclotron (Fig. 20-62) is a device used to accel-
l¢ clementary particles such as protons to high
0uls. Particles starting at point A with some initial
Ucity travel in circular orbits in the magnetic field
I'he particles are accelerated to higher speeds each
\o they pass in the gap between the metal “dees,”
ute there is an electric field E. (There is no elec-
ficld within the cavity of the metal dees.) The
¢tric field changes direction each half-cycle, owing
i ac voltage V = Vsin 24ft, so that the particles
increased in speed at each passage through the
j (a) Show that the frequency f of the voltage
Mt be f = Bq/2mwm, where q is the charge on the
iticles and m their mass. (b) Show that the kinetic
jorgy of the particles increases by 2V, each revolu-
i, assuming that the gap is small. (¢) If the radius
the cyclotron is 20m and the magnetic field
‘ongth is 0.50 T, what will be the maximum kinetic
orgy of accelerated protons in MeV? (d) How is a

IGURE 20-62 A cyclotron. Problem 69.

Magnet

70.

71.

72.

Evacuated tubes, inside

of which the protons move
with velocity indicated by
the green arrows.

FIGURE 20-63 Problem 70.

Magnetic fields are very useful in particle accelera-
tors for “beam steering”; that is, the magnetic fields
can be used to change the beam’s direction without
altering its speed (Fig. 20-63). Show how this works
with a beam of protons. What happens to protons
that are not moving with the speed that the magnet-
ic field is designed for? If the field extends over a re-
gion 5.0 cm wide and has a magnitude of 0.33 T, by
approximately what angle will a beam of protons
traveling at 1.0 X 10" m/s be bent?

A square loop of aluminum wire is 20.0 cm on a side.
It is to carry 25.0 A and rotate in a 1.65-T magnetic
field. (a) Determine the minimum diameter of the
wire so that it will not fracture from tension or shear.
Assume a safety factor of 10. (See Table 9-2.)
(b) What is the resistance of a single loop of this wire?
The magnetic field B at the center of a circular coil
of wire carrying a current / is

moNI
2r

where N is the number of loops in the coil and r is its
radius. Suppose that an electromagnet uses a coil
12m in diameter made from square copper wire
1.6 mm on a side. The power supply produces 120 V
at a maximum power output of 4.0kW. (a) How
many turns are needed to run the power supply at
maximum power? (b) What is the magnetic field
strength at the center of the coil? (¢) If you use a
greater number of turns and this same power supply
(so the voltage remains at 120 V), will a greater mag-
netic field strength result? Explain.

B:

1]
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