Chapter 29
Magnetic Fields Due to Currents

29-1 Calculating the Magnetic Field Due to a Current Objective

29-2 Force Between Two Parallel Currents
29-3 Ampere's Law
29-4 Solenoids and Toroids

29-1 Calculating the Magnetic Field Due to a Current
Formula - Magnetic field due to a small segment of current

Permeability constant

Magnetic field dB Mo = 4m x 107 T-m/A
produced at point P by Current
length ds of the wire Distance between point P
/ and segment ds
' dﬁs x ?
| .
=t 5 Biot-Savart law
d_>S 47 / r’
- Length vector

Q

)

-
o

Magnitude : length of segment ds
Direction : along the wire segment in
the direction of conventional current

wire N
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29-1 Calculating the Magnetic Field Due to a Current
Formula - Magnetic field due to a current

Magnetic field dB
produced at point P by
length ds of the wire

3 Biot-Savart law

ds Magnetic field B
produced at point P by
the whole wire

o

(7]

=
o

Lo -
r

_ _[ M idsx
_J' = Or

/ wire wire 4 T ’
wire N AN

i Vector sum

29-1 Calculating the Ma?netic Field Due to a Current
Magnitude of magnetic field due to a small segment of current

Magnetic field dB
produced at point P by
length ds of the wire

3 Biot-Savart law

Magnitude of dB vector
_ U, idsrsinB
C4r ré
_ M4, idssinB
C4r r?

/

Inverse-square law
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29-1 Calculating the Magnetic Field Due to a Current
Formula - Magnetic fiel

_ M
27R
Perpendicular
P distance from
«——R— the wire

Infinitely long 1‘ .
straight wire |

due to a current in a long straight wire

29-1 Calculating the Magnetic Field Due to a Current
Direction of magnetic field due to a long straight wire

Top view
Wire
Current is out
of the page
Magnetic field line
Side view P, o P
O] =
Out of the page Into the page

a
___—Thump along the current
direction

Fingers along the direction
of the magnetic field

\ right hand
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29-1 Calculating the Magnetic Field Due to a Current
Direction of magnetic field due to a long straight wire

Top view
Wire
Current is into
the page
Magnetic field line
Side view

Out of the page

29-1 Calculating the Magnetic Field Due to a Current
Derivation - Magnetic field due to a long straight wire

N
r

_ M, idsx

Derivation of |B = 50:? Ar r®
T i i
= ! ds sinb Into the page

C4r r’
ds p sing = X r=+/s’+R?
r
T _ M4 1dsR
S ? 4 (82+R2 )3/2
P _t 4 IR
i <—R¥ _j 47 (S+R%)7 ds

=0

= ,Llol [ S ]S=oo
47R "~ (s2+R%)Z
Infinitelylong'ri _ Ay 5 = L]

straight wire
4R 27R
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29-1 Calculating the Magnetic Field Due to a Current
Formula - Magnetic field due to a current in a circular arc of wire

At the center of a circular arc R.-"
. .:’
— JUO I ¢ . C \\/\
4, R | Inradians ~_
Radius of the arc e/ Wire

—__ current
direction
-
C -
right hand

magnetic field *~._
direction / i

29-1 Calculating the Magnetic Field Due to a Current
Magnetic field due to a current in a circular wire

At the center of a circular arc\ el
_ M1 @:\,\¢
4z R N L
wire
7
At the center of a full circle \ i
¢p=2rx
. ®
_ Myl C
2R g

wire
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29-1 Calculating the Magnetic Field Due to a Current
Derivation - Magnetic field due to a circular arc of wire

. [ .
Derivation of B = Hld R 90°
47 R @%,//F’
_ M, 1asxr C\/\\\
Ar 1° N \
o wire
At he center of a circular arc /1\
i ds sin 90° |
= M, 19SSIn Out of the page
4 R?
_ My ids _ uy TRdg _ i dg
47 R? 4r R? 4z R
¢ . . .
| |
=J' Hy dg = Hy J‘ dg = Ll @
> 47 R 47 R ¢ 47 R

29-1 Calculating the Magnetic Field Due to a Current
Example 1

, wire
What magnetic field does the . i /
current produce at the center? &' —_— /
Solution \\ R ,/’
\\\\ g/,/l
_ C
. i T For segments 1and 3
g HT -
S A A ds and r are parallel wire
47 R 47 R -
L | ds xr=0
" 8R cTs
= O + zuo I 0 — /Uo I -
8R 8 R r
Direction: into the page C
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29-1 Calculating the Magnetic Field Due to a Current
Checkpoint 1

Rank the circuits according to the magnitude of @ = down
the magnetic field at the center, greatest first. /

= 9own W(e

Solution

29-1 Calculating the Magnetic Field Due to a Current
Example 2

i AL
ii=15A 50°

i,=32A R

d=5.3cm 6/ \®
What is the magnetic field at P? d

Solution I O\ -
R = d cos45° Cross section of two .

. . long parallel wires . N
N Hy 4 ’ :

2z R 27 dcos 45°
= Hy 1 = Hy b
27 R 2x dcos 45°

Since

—_ :uo 4 2
= = 1H+|
Ve 27 dcos45° V' ?

=1.89x10*T

4, B i
o3 w2

The angle between the total magnetic
field and the x axis is ¢ + 45° = 7Q0
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29-2 Force Between Two Parallel Currents

lllustration - Force on one wire

Force on wire b
because of B,

Magnetic field at wire b
because of the current in wire a

ba c

() 0
[ [
Top view °

N
Fba

Front view

29-2 Force Between Two Parallel Currents

Formula - Force on one wire

wire b

& d =
< rg

Q
.=
—r—>

t
s Top view b

Magnetic field at wire b because
of the current in wire a

My 1,
277d

Force on alength L of wire b

F

due to B,
R =1y L XB,
=i, L B, sin 900 =i L
Fba & L I
27zd
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29-2 Force Between Two Parallel Currents
lllustration - Force on the second wire

Magnetic field at wire a
because of the currentin wire b

Force on wire a
because of B,

t i

Top view g

N

Fab

Iy

Front view

29-2 Force Between Two Parallel Currents

Formula - Force on the second wire

wire a wire b

A
(o}
v

la Top view b

Magnetic field at wire a because
of the current in wire b

Ly Ty
27d

Force on a length L of wire a

F,

a a

due to B,

F, =i, LxB,

ab

L B, sin90°=i, L

ab

_ M Ly -F
27d
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29-2 Force Between Two Parallel Currents
Parallel and antiparallel currents

% F:b F;a
ia ‘ ib

Front view

Parallel currents attract

Fab Fba
ia ‘ | ib

Front view

Antiparallel currents repel

29-2 Force Between Two Parallel Currents
Checkpoint 2

Rank according to the magnitude of the force on each wire, greatest first.
Wires are parallel and equally spaced.

a b c
®.

Solution

b C
F ac
?Lﬁ'eesaon é®I_> @l ®|

Forces on a Fo b ¢
wire b ®| F—>i=®| ®| b
= - then c,
b C F then a.
F o
Wireo | ® ® ®=—>
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29-3 Ampere's Law

Gauss' and Ampere's laws

Symmetrical , Electric
Gauss' Law ,
charge aloulates field
distribution u E
Symmetrical Ampere's Law._ Magnetic
current calculates field
distribution B

29-3 Ampere's Law
Formula - Ampere's Law

Ampere's Law

Cﬁ ’d;’ = Ho lenc

\

Over imaginary
closed loop
(Apmerian loop)

Current enclosed
by the loop

Direction:

Length vector
Magnitude: length of a
tangent to the loop

small segment of the loop

11
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29-3 Ampere's Law
lllustration - Ampere's Law

Ampere's Law

Cﬁ 'd_>S = Ho ienc

Amperian loop

(Imaginary closed loop)

In the direction
of the loop

the positive and negative directions

«ds = B ds cos6
Choose any direction, Scalar quantity

of currents are determined by
the right-hand rule

29-3 Ampere's Law
Right-hand rule

Right-hand rule

\ Fingers along the
direction of the loop

Thumb points along the

direction of positive current your right hand

12
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29-3 Ampere's Law
lllustration - Right-hand rule

Current pointing out of the
page is positive

lenc = +|1- I,

Cﬁ 'dg =ty (Fig-1y)

Current pointing into the
page is positive

lenc = - I1+ I,

¢ ’dg =ty (-i+iy)

29-3 Ampere's Law

Cross section of
a long straight
wire carrying

current i Choose a circular

Amperian loop

Magnetic field outside a long straight wire

The magnetic field outside a long straight wire
From symmetry, the magnitude of the
magneticfield is the same at all points on a
circle of raduisr. We say that B has
cylindrical symmetry about the wire.

.ds = B ds cos0° = B ds
Ampere's law
 Bedls = 41 |
(j.) ds = g |

(j.)ds=,u0i
27wr=pi
= Ml

2rxr

13
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29-3 Ampere's Law
Magnetic field inside a long straight wire

The magnetic field inside a long straight wire
> _ current density
¢ 'dS = ;UO Ienc

i B has \ / Area enclosed
cylindrical
ST L fBds || e =d(xT)
' 2
= @ds - T R2 (7[ r )
=B2xr . r?
Choose a circular 5
\ Amperian loop 271 = r
0
Long straight wire of radius R :
carrying uniformly distributed L]
current i =(2”R2 )r

29-3 Ampere's Law
Magnetic field of a long straight wire

The;magnetic field of a long straight wire

Cross section of
long straight wire of radius R
carrying uniformly distributed
current i

Inside Outside
_ Ml _ Mo i1
= - r = i
( 2 7 R? ) ( 2 ) r

v
—
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29-3 Ampere's Law
Checkpoint 3

Rank the loops according to the magnitude of <j> d_)S
along each, greatest first.

enc

— —
- ——i =0
. - —
Solution b u Q
< i ienC= 2 i

@ «ds = My Ngne c O d
. ./

then a and c tie, [ [ i
then b

29-3 Ampere's Law
Example 3 Long straight cylinder with
a=2.0cm: b=4.0cm, current density vector
current density J = ¢ r2, points out of the page.
where ¢ = 3.0 x 106 A/mZand r in meters.

The current density vector is out of page.

What is the magnetic field at

a point 3.0 cm from the center?

Solution Amperian

B has cylindrical symmetry loop
é 'dS = /uO ienc

o= | Joda = [Jda= [cr da

4) ds = j cr? (27 rdr) =27zc_[ r® dr
= ds ) r4 4 a*
(]S =2zc[—1,=27zc(—-—)
=B2rr 4 4 4
r* a If you get a negative value for B

2 r= 2 c(—-= you Ive valu s

7 1= o 27C ( 4 4 ) your guess about the direction of

o C 4 _4 5 B is wrong, the correct direction is
= AT (r"-a")=2.0x10" T opposite of your guess.

15
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29-4 Solenoids and Toroids
Solenoid

A solenoid is a long highly wound
helical coil

-—

Cross sectional view
|
10[0]0]0]010]010]0]0]0]CI0]010010;0]C]

Current out of
the page

Current into —_|

the page T R99RRERIIRRIRROIIRD

29-4 Solenoids and Toroids
No magnetic field outside an infinitely long ideal solenoid

zero magnetic field

Infinitely long ideal solenoid outside the solenoid

[a]s[e[s]a[e]o[a]o[o]a] ] [s[a[s]e]a]a[o[a]a]o]o[d[a[o]a]a e n]

YVYY

Uniform magnetic field
inside the solenoid/

Y

XXX DXIX XX DI XXX XXX PXIXIXTXIXTIXIXIX XXX

/

Square wire

Cross sectional view

16
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29-4 Solenoids and Toroids

Formula - Magnetic field inside an infinitely long ideal solenoid

Ampere's law

Cﬁ °d_)S = Hoy ienc

=0 since ds

=0 since

— b — G — d — - b
(j) -ds=J‘ -ds+'f -ds+_[ ods + -ds=_[ ds
a b c a
b
= st =Bh g < h > c Amperian
a <
" loop
/ Numbil’IOftl.::l’hnS [s[e[e[e[{Te]e[ale[e]a[e[e[e]a[o]o[a[a[o]a[«[e]o]s]e]e[a[aTo]a]
. - . perunitieng S
Ienc_ (n h) I | - /
. a — b
Ampere's law h=yu, nhi >
>
= IUO n | 4 0 4 P B B e P B e s o B B |

29-4 Solenoids and Toroids

Magnetic field of an infinitely long ideal solenoid

Number of turns
per unit length

=l Ni

The magnetic field does not depend on the radius of the solenoid.

The magnetic field is uniform over the cross section of the solenoid.

Infinitely long ideal solenoid

YYVYY

XD P IX XXX XX XXX X X PYIXTXPXIXIXTXIXIXIXPXTX]
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29-4 Solenoids and Toroids
Direction of the magnetic field along the solenoid axis

Fingers along the
direction of the current

\ Right-hand rule

thump points
along the

direction of the

magnetic field

29-4 Solenoids and Toroids
Direction of the magnetic field along the solenoid axis

Fingers along the
direction of the current

Right-hand rule

thump points
along the

direction of the

magnetic field

T

Your right
hand

18
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29-4 Solenoids and Toroids

Toroid

A toroid is similar to a
solenoid bent into a
hollow doughnut

Cross sectional view

%

29-4 Solenoids and Toroids
Formula - Magnetic field of a toroid

- "
Ampere's law (ﬁ dS = fly lgne

fEds=Bds=Bfds=B27r

Total number
/ ofturns

lone= N

Ampere's law 27mr=pu, Ni

#oNii
271 r

19
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29-4 Solenoids and Toroids
Magnetic field of a toroid

Total number
of turns

The magnetic field is not
constant over the cross
section of a troroid.

29-4 Solenoids and Toroids
Direction of the magnetic field of a toroid

Fingers along the

direction of the current
®©©®90g ®

Right-hand rule

Your right
hand

thump points
along the

direction of the

magnetic field

20
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29-4 Solenoids and Toroids
Direction of the magnetic field of a toroid

thump points along the Right-hand rule

direction of the magnetic field
Your right
hand

Fingers along
the direction
of the current

29-4 Solenoids and Toroids

/

=/’l0n

Example 4

L =123 5 closed-packed layers, |« L >
: 4oMm eachwith580turns\
i =5.57 A () () ((0) () () (3) (3) () () (3 (8) () (&)
olofololololololotololololo;

What is the magnetic T >

field at the center? =

i )

=4 7x107(

Number of turns per unit length
[

5(580)
Ss ) (657)

=24.4x10° T=244mT
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