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30.1 The Biot=Savart Law
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¢ Introduction

» We learned from last chapter, Oersted discovered a compass needle is
deflected by a current-carrying conductor in 1819.

> After that, Jean-Baptiste Biot (1774-1862) and Félix Savart (1791-1841)
performed quantitative experiments on the force exerted by an electric
current on a nearby magnet.

» From their experimental results, Biot and Savart arrived at a mathematical
expression that gives the magnetic field at some point in space in terms of
the current that produces the field. That expression is based on the
following experimental observations for the magnetic field dB at a point P
associated with a length element ds of a wire carrying a steady current |
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® The vector dB is perpendicular both to ds (which points in the direction of the
current) and to the unit vector r directed from ds toward P.

* The magnitude of dB is inversely proportional to r2, where ris the distance from
ds to P.

* The magnitude of dB is proportional to the current and to the magnitude ds of the
length element ds.

* The magnitude of dB is proportional to sin 6, where 6 is the angle between the
vectors ds and r.

These observations are summarized in the mathematical expression known today
as the Biot-Savart law:

Mo Ids X f'
: dB =
Biot-Savart law A r2

(30.1)
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where u is a constant called the permeability of free space:

Permeability of free space po = 4w X 107" T-m/A

Mo ]dSXf'

d
Q The field dB in dm 7
IS the field created by the current in only a small length element ds of the conductor.

O To find the total magnetic field B created at some point by a current of finite size,
we must sum up contributions from all current elements | ds that make up the
current.

[.LOI ds X f‘
2

B =
47T r

where the integral is taken over the entire current distribution.
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QUiCk Qu iZ 30-1 Consider the current in the length of wire shown in
Figure 30.2. Rank the points A, B, and C, in terms of magnitude of the magnetic field
due to the current in the length element shown, from greatest to least.

ef o(
w—- oA
ds —
1

Figure 30.2 (Quick Quiz 30.1) Where is the magnetic field the greatest?
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O The right-hand rule for determining the
direction of the magnetic field
surrounding a long, straight wire
carrying a current.

Note that the magnetic field lines form
circles around the wire.

A convenient rule for determining
the direction of B is to

1- grasp the wire with the right hand,

2-positioning the thumb along
the direction of the current.

3- The four fingers wrap
In the direction of the magnetic field
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Example 30.1 Magnetic Field Surrounding a Thin, Straight Conductor

+» Consider a thin, straight wire carrying a constant current | and placed along
the x axis as shown in Figure 30.3. Determine the magnitude and direction
of the magnetic field at point P due to this current

lds| = dx PL
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4. Calculate the magnitude of the magnetic field at a point

100 cm from a long, thin conductor carrying a current of
1.00 A.

A long straight wire carries a current of 5.00 A. At one instant a proton,
4.00 mm from the wire, travels at 1.50%x10° m/s parallel to the wire and in
the same direction as the current.

Find (a) the magnitude and direction of the magnetic force that is acting
on the proton because of the magnetic field produced by the wire.
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30.2 The Magnetic Force Between
Two Parallel Conductors

o B
¢ Because a current in a conductor sets up its own magnetic field, it is easy to

understand that two current-carrying conductors exert magnetic forces on each other.

% Two long, straight, parallel wires separated by a distance a and carrying currents I,
and I, in the same direction

> |
) — 1.

)_>Iz

s We can determine the force exerted on one wire due to the magnetic field set up by
the other wire.
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<% Wire 2, which carries a current I, and is re
Identified arbitrarily as the source wire, a B
creates a magnetic field B, at the location lg Pes
of wirel, the test wire. The direction of

§2 IS perpendicular to wirel,

¢ The magnetic force on a length [l of wirelis F; = I, [ X B,. Because [ is
perpendicular to B, in this situation, the magnitude of F, is

Fl —_ IllBZ zlll (ﬂOIz) — Ml

21Ta 21Ta

¢ If the field set up at wire 2 by wirel is calculated, the force F, acting on wire 2 is
found to be equal in magnitude and opposite in direction to F,.

s When the currents are in opposite directions (that is, when one of the currents is
reversed), the forces are reversed and the wires repel each other.

¢ Parallel conductors carrying currents in the same direction attract each other,

and parallel conductors carrying currents in opposite directions repel each
other.
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¢ Because the magnitudes of the forces are the same on both wires, we denote
the magnitude of the magnetic force between the wires as simply Fg.

Fg  wolilo

¢ 2ma

¢ The force between two parallel wires is used to define the ampere

Definition of the ampere

When the magnitude of the force per unit length between two long parallel wires
that carry identical currents and are separated by 1 m is 2 X 107 N/m, the current
in each wire is defined to be 1 A.
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¢+ The Sl unit of charge, the coulomb, is defined in terms of the ampere

When a conductor carries a steady current of 1 A, the quantity of charge that flows
through a cross section of the conductorm 1sis1 C.

QUiCk QUiZ 30.2 For I = 2 A and Io = 6 A in Figure 30.8, which is true:
(a) F1 = 3Fy, (b) I1 = Fo/3, (c) I = Fy?

Quick Quiz 30.3 A 100se spiral spring carrying no current is hung from the

ceiling. When a switch is thrown so that a current exists in the spring, do the coils move
(a) closer together, (b) farther apart, or (c) do they not move at all?
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(a) (b)

O Several compass needles are placed in a horizontal plane near a long vertical wire.

(a) When no current is present in the wire, all the needles point in the same direction
(that of the Earth’s magnetic ficld), as expected.

(b) When the wire carries a strong, steady current, the needles all deflect in a
direction tangent to the circle which is the direction of the magnetic field created
by the current.

¢ These observations is consistent with the right-hand rule described.
When the current is reversed, the needles also reverse.
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Ampere’s law

1
B-ds =B Q ds =2 (27r) = wol
21Ty

The line integral of B - ds around any closed path equals uo/, where I is the total
steady current passing through any surface bounded by the closed path.

% B-ds = ugl (30.13)

Ampere’s law describes the creation of magnetic fields by all continuous
current configurations, but at our mathematical level it is useful only for

calculating the magnetic field of current configurations having a high degree
of symmetry.



30.3 Ampere’s Law

—— — —
7T T
7
I, —

"_:ﬁ —————— ——
’,,/,’ \'\\ dl ! 1
I ~ | \
1! @ Soo 5A 1,
1 \I\ 1A S I/’ I
\ NS o + ___J- I
A\ e ————— rS~=-——"1 |
NS c I |

~\ N ~ [
\\ < b | N I
~ |\
'\\ \\ | l\ [
v s t(002A
a « N \ I I
~ ~ \ 7
N SO s 11
\\ \\h"‘"’ / !
\ “h.-_-—.’ l
~
So /J’
\--.__.__’/

QUiCk QUiZ 30.4 Rank the magnitudes of $B-ds for the closed paths in
Figure 30.10, from least to greatest.
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Example 30.4 The Magnetic Field Created by a Long Current-Carrying Wire
A long, straight wire of radius R carries a steady current /
that 1s uniformly distributed through the cross section of
the wire (Fig. 30.12). Calculate the magnetic field a
distance r from the center of the wire in the regions r = R
and r < R.

¢ Because the wire has a high degree of
symmetry, we categorize this as an
Ampere’s law problem.

¢ From symmetry, B must be constant in
magnitude and parallel to ds at every point
on this circle. Because the total current
passing through the plane of the circle is I,

Ampere’s law gives The magnetic field at any point
can be calculated from Amp¢ére’s
35 B-ds = B% ds = B(2mr) = uol law using a circular path of
radius r, concentric with the
wire.
B = Kol (for r = R)

2arr
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Now consider the interior of the wire, where r <R.
Here the current | passing through the plane of
circle 2 is less than the total current I. Because the
current is uniform over the cross section of the wire,
the fraction of the current enclosed by circle 2 must
equal the ratio of the area mr? enclosed by circle 2
to the cross-sectional area mR? of the wire :

I' r? , r?
; — - % B-ds = B2mr) = uol’" = mo (—RQ )
?”2 i
I = F 1
|
I Boecr |
B = (%)r (forr < R) i Bec1/r
|
|
b |
p= (for r= R) | .
277'?" R

They give the same value of the magnetic field at r = R, demonstrating that the magnetic field is
continuous at the surface of the wire.
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16. Two long, parallel conductors, separated by 10.0 cm, carry
currents in the same direction. The first wire carries
current {1 = 5.00 A and the second carries fo = 8.00 A.
(a) What 1s the magnitude of the magnetic field created by
Iy at the location of f9¢ (b) What is the force per unit
length exerted by I} on fef (c¢) What i1s the magnitude of
the magnetic field created by I at the location of I?
(d) What 1s the force per length exerted by /s on [y?



P

In Figure P30.17, the current in the long, straight wire 1s
f1 = 5.00 A and the wire lies in the plane of the rectangu-

lar loop, which carries the current fo = 10.0 A. The dimen-
sions are ¢ = 0.100 m, 2 = 0.150 m, and £ = 0.450 m. Find

the magnitude and direction of the net force exerted on
the loop by the magnetic field created by the wire.

I

i — iy —{

Figure P30.17
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A solenoid is a long wire wound in the form of a helix. With this configuration, a
reasonably uniform magnetic field can be produced in the space surrounded by the
turns of wire—which we shall call the interior of the solenoid—when the solenoid
carries a current.

Exterior
¢ The turns can be approximated as a . )
circular loop, and the net magnetic field
IS the vector sum of the fields resulting 4 )
from all the turns. g

un

/
1

Interio/ \
1




30.4 The Magnetic Field of a Solenoid

This field line distribution is similar to
solenoid behaves like the north pole of a magnet, and the opposi
south pole.

nd behaves like the

> 7, ——

Henry Leap and Jim Lehman

*m 1

(a) (b)

(a) Magnetic field lines for a tightly wound solenoid of finite length, carrying a steady
current. The field in the interior space is strong and nearly uniform. Note that the field
lines resemble those of a bar magnet, meaning that the solenoid effectively has north
and south poles. (b) The magnetic field pattern of a bar magnet.
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 As the length of the solenoid increases, the interior field becomes more
uniform and the exterior field becomes weaker.

* An ideal solenoid is approached when the turns are closely spaced
and the length is much greater than the radius of the turns.

+»* In this case, the external field is close to zero, and the interior field is
uniform over a great volume.
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¢ We can use Ampeére’s law to obtain a
quantitative expression for the interior
magnetic field in an ideal solenoid.

< Consider the rectangular path of length
[ and width w . We can apply Ampére’s
law to this path by evaluating the
integral of B ( ds over each side of the
rectangle.

§ Budis = [ Bodsr [ Brdiss [ Budss [ B.do

Cross-sectional view of an ideal

enclosed solenoid, where the interior magnetic
field is uniform and the exterior field
Is close to zero.

§B.ds=Bl+0+0+O=,u01
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Magnetic field inside a solenoid [ IR,
fﬁBds = Bf = MoNI

N
B= o= I'= nonl

where n = N/{ is the number of turns per unit length.
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31. w What current is required in the windings of a long
solenoid that has 1 000 turns uniformly distributed over a
length of 0.400 m, to produce at the center of the solenoid
a magnetic field of magnitude 1.00 X 10~% T?




30.5 Magnetic Flux
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+» Consider an element of area dA on an

arbitrarily shaped surface dGA/
\9

 If the magnetic field at this element is
B , the magnetic flux through the
element is B . (dA, where dA is a
vector that is perpendicular to the
surface and has a magnitude equal to
the area dA.

¢ The total magnetic flux @5 through the surface is
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Consider the special case of a plane of area A in a uniform field B that makes an
angle 0 with dA. The magnetic flux through the plane in this case is

(I)B = BA cos 6

y
—- (] A
>
dA
>
T - B
y § > B
. N

(a) (b)

The unit of magnetic flux is T-m?, which is defined as a weber (Wb); 1 Wh =
1 T -m2
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Example 30.8 Magnetic Flux Through a Rectangular Loop

Find the total magnetic flux through the loop due to the current in the wire.

A

2 mr X X X X X X

X X X X X X
1 r >

X X X X by X
X X X X X X
X X X X IR X
« (—>le—— a —>
X X X X X X




30.6 Gauss’s Law in Magnetism
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Gauss’s law In magnetism states that

the net magnetic flux through any closed surface is always zero:

+» for any closed surface, the number of lines entering the surface equals the number
leaving the surface; thus, the net magnetic flux is zero.
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Figure 30.23 The magnetic field lines of a bar magnet form
closed loops. Note that the net magnetic flux through a closed
surface surrounding one of the poles (or any other closed surface)
is zero. (The dashed line represents the intersection of the surface

with the page.)
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Figure 30.24 The electric field lines surrounding an electric
dipole begin on the positive charge and terminate on the negative
charge. The electric flux through a closed surface surrounding one
of the charges is not zero.



35.

A cube of edge length € = 2.50 cm is positioned as shown
in Figure P30.35. A uniform magnetic field given
by B = (51 + 4J + 3k)T exists throughout the region.
(a) Calculate the flux through the shaded face. (b) What is
the total flux through the six faces?

7

Figure P30.35
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Selected Old exam questions

Q20. A current 3A is passing a wire and if the resulted magnetic field was 2T.The diameter of
this field will be:

198 Jlaall 138 adaia yhad (8 DT o508 apdaling Jlae it @llu L4 3A 30 S JUS e 20
A)100nm  ®)600 nm C) 400 nm D) 150 nm E) 20 nm

Q21. Two long, straight, parallel wires separated by a distance of 10 cm; and both are carrying in

the same direction currents 1 A and 2 A respectively. The magnetic force per unit length is:

2A Sy A I Ll 568 T D n LegalS 5 ¢ 10 cm 4dluse Laguans (e (Shaiia Gl )l gie G sh oS 21
g Jshll o&;_,@@ﬁ‘t\.m.\kw\ a8l o) s il e

A) 2uN/m B) 8uN/m C) 1opN/m'_ | (D)4uN/m E) 6uN/m

Q22. Two cables have the same length aﬁd producing the magnetic force. If the first cable is
carrying 20A and the second is carrying 100A. The ratio By/B;is:

g.:\.ﬁl‘,.lan 20A \JLULL;JJJ\J‘ cdaadalizall 3 g8ll udd oladlyg djl:]‘uuuhil(ud;&)uﬂuuaﬁ W,
+oABy/Brisedll (fi ¢100Adas:
A6 B)2 )5 D) 50 E)8

Q23. A solenoid has 100 turns per unit length. If the current was 10 A, then the magnetic field B
is:

bl Jladll i (10 A 430 15 A8 ey ¢ Jshall ang 3 4 100 o (Saits cile) slgm g5ty .23
: B
A) 3.06x10°T B)3.18x10°T  C)5.45x10°T (O} 26x10°T E) 9.35x10°T
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) g gl x ALl (i Siall 5 s 3 G Sl e 5 Jigall 54El (4S5 Larie Y Y
Q22- When the magnetic force exerted on wire 3 is zero, then the distance x equals:

—
x R L

5mI =14
¢

- | =114 ' '
A)7 B)4.8 C) 0.83 @o)’ 0.5
- | C g TN (o S S A e ey Blie e =T A et XY

-Q23 The magnitude of integrating § B.ds over a closed path through whlch electnc current I
is passmg equals:- . |

ﬂoI B) po/1 C) &l D)1/eg
lck.d\q&d)aq.mkw\ Gsaall old -150 Weberg,huduéauuﬂ;}d)\aqu&w\ Gl S 13} Y €
Q24- If the magnetic flux though a portion of a closed surface equals -150 Weber, the
magnetic flux through the rest of the surface is:

A)-150 B)-300 ( &150 ) Dj300
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