Physics 4B Lecture Notes

Chapter 30 - Magnetic Fields Due to Currents

Problem Set #9 - due:
Ch30-3, 12,17, 19, 26, 37, 38, 47, 51, 54, 57, 64, 72

Lecture Outline
1. The Biot-Savart Rule
2. Ampere's Law

Now that we know the effects of magnetic fields on currents we can discuss the causes of magnetic fields.
If currents feel the magnetic force, Newton's Third Law requires they must exert it as well. The purpose
of this chapter isto learn to calculate magnetic fields caused by currents. The Biot-Savart Ruleis arecipe
that will always work. Ampere's Law, while more fundamental, can be used to find fields only in cases
where the current distribution is highly symmetric.

1. The Biot-Savart Rule
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The electric force on acharge g, is found from the field due to all the other charges. We begin by finding

the field due to the point charge dg,, which is dE =k—= dq2 . Next, the force on g, dueto dg, is found

using definition of electric field, dF12 = qldEz. Then integrate all the contributions from the rest of the
charge distribtion. The same proceedure would work for the magnetic force on |, due to a distribution of

current 1,. The magnetic force on the current I, in the magnetic field dl§2 caused by a small current
dementinl, is, dF, ° 1,5" dB, which means that the magnetic equivalent of the electric charge element
dgis, q,® 1, P dg® IdS b dq,® 1,d8" . Using an analogy to the field due to the point charge

! ds rp B =k c\)lzds_r Thisis called the Biot-Savart Rule.

da,, dE, -kdq2r® dB, =k,

I r ,
22 0@ The Biot-Savart Rule
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The magnetic constant is usually replaced with ki, A
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Example1: Find the magnetic field dueto along straight wire carrying a current |.
Starting with the Biot-Savart Rule, B = Z:; ldfz . TY
{ ]
Note [dS” 1| = sinqdx and thefield points out of the page.
The magnitude of thefield is,B = —OI Slnqd a
(N > X
| isconstant, r = acscq andx—-acotqb dx = acsc qdq d? X I
_ rrbl P sing _ rrb _ rrbl
acsc® qd n = —_—
4p Q=0a2 csxc? g aaq = 4paqI ada = 4pa  2pa
Inl Inl Inl Inl B
At this point the field is out of the page. In general, the field 'ﬁ% '.'ﬁ'.q 'ﬁa 'ﬁ%
_—— e — — |
lines form rings around the wire. \FJ&' \Fu"y \Wﬁ \Wﬂl
IUI IUI IUI IUI
It is convenient to know the magnetic field due to along straight wire. WSS A
B= Z&J The Magnetic Field Dueto aLong Straight Wirel
pr
Beyond the Mechanical Universe (vol. 35 Ch 8,9,12)
Example2: Usethe result of example 1 to find the force between two parallel currents.
Starting with the definition of magnetic field, F° 1,/" B;. 45
Since the direction is right, just find the magnitude, r F
F =1,¢/B;. Using the r&ultof example 1, l@ = T @B, @
mls m, 3,
F=l/—Pb F= ><—><€ ust like before.
2pr 2p r J ® ® ® @

Example3: Find the magnetic field on the axis of a circular loop of radius a and magnetic dipole
moment m.

ds vy

. . RS
/j\B Ny q 3
Use the Biot-Savart Rule B = %(‘Jldf— =l 0£

N
N
(ﬁl’

/q
4p

p
Noticethat T = - acosqf - asingj +zk and ds = ( sinqi +COSC]J)

A

30-2



Physics 4B Lecture Notes

P
-asinqdg acosqdq
-acosq -asing

das’

=l
I
N O X

ds’' r = 'azcosqdin +azsin qdq] +a° (si n’ g+ cos’ q)dqlz]
Sincer® = (a2+22)§/2
_myl 1 6. 7.2p ~2p 20 20
= — ———— ~azi (y0sqdq + azj cginqdq + a“k c{q -

ap (a2+22)§/2e @0sadq +az) (pnqaq gfqu

Doing the integrals,

and is constant,

o)}

= myl ~ = ml a ~
B—4p><m0+0+a2|(2p]|D B—7X(aTzz)%k
m, m

In terms of the dipole moment, B= X—;,
2p (a2+22) 2

2. Ampere'sLaw
Beyond the Mechanical Universe (vol. 35 Ch 19,20)

Ampere's Law states that the sum of the magnetic field along any closed path is proportional to the current
that passes through. Mathematically,

E‘j's’ + dS = Mylgnclosed  AMpere's Law I

In order to understand this idea, consider acircular path around a wire that passes

through the center and is perpendicular to the plane of the circular path. We know
that the magnetic field dueto thewireis, B = %lr anditisparald to ds = rdq.

So, g‘ﬁ ds = ﬂzn% ><rdq— giq— Ml >Qp m,| consistent with Ampere's

Law.

If we change the path so that it doesn't contain the current as shown
on theright. The path needs to be broken up into four parts,

PB-dS=(p- dS+(B- dS+(P- ds+ (P ds.
X b y a

Alongthex andy axes BAdsb (B~ ds= (- dS=0.
X y

Alongb, B = %L and it is parallel to ds = bdq so,

\“. = A _rrbl rrbl)ﬁ m)l
(-8 = 0plo o = 30 =325 =
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o 5 _ _ rTbl _ I p__ myl
Similarly alonga, (B - ds = - qu =- —— %= = . Putting it all together,
a 05 a 2p 2 4

— I I
B ds= 0+n% +0- n% = 0 also consistent with Ampere's Law.

Like Gausss Law, Ampere's Law can be used to find the magnetic field of a sufficiently symmetric
current distribution.

Example 4. Find the magnetic field inside and outside of a wire of radius a carrying a uniform
current . Sketch the field as a function of r the distance from the center.
Outside the wire choose the circular path shown. Along this path the
symmetry requires B must be constant and it can only point along ds so,
g‘ﬁ- ds = @Bds = Bgyls = Bx2pr.

The enclosed current isthe entire current 1. Applying Ampere's Law,

OB - dS = Myicnciosed P B X2Pr = myl P B:%'r.
result asfor an infinitely thin wire.

Inside the wire choose the circular path shown. Along this path the
symmetry requires B must be constant and it can only point along ds so
again,

B - dS = gpBds = Bgyls= B2pr.

2
The enclosed current is i gngjosed = p_;2 ¥ . Applying Ampere's Law,

ds

This is the same r

2
OB - 05 = Myenciosed P B>Qpr:m)g—axlb B=10

surface of the wireisreached. The graph of B vs. r is shown below.

nbaeo

2pa €af’ The field grows linearly until the

N B
myl
2pa

ar

—1I|—\

Al
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Example 5. Wire 1.00mm in diameter is wound around a 5.00cm diameter 1.00m long tube to

create a solenoid. Thewire carriesa current of 100mA. Estimate the magnetic field in the center.

Apply Ampere's Law for the path iololololololololololalolololalolololololololololololol

indicated. The current enclosed is 2 B

I enclosed = Ni where N is the number PRIHDDHDDDDHDRDHDIDIDHDDDDDEDE
of turnsinside the path and i is the 1 4 3 B»0
current in thewire. The path integral ¢ / N

of the field can be broken into four

parts, one for each side of the path.
PR dS=(CB- dS+ (B dS+(P- dS+(P- dS. Along side 4 the field is close to zero. Along
1 2 3 4
sides 1 and 3 the field is perpendicular to the path so, ¢B- dS=0+(B-dS+0+0=B/.
2
Assuming that the solenoid is so long that symmetry requires the magnetic field to be constant

along the path. Using Ampere's Law,

- . N 7140005 4
BB 08 = Myenciosea P BL=MNi P B=m,—i = (4px107) émg(o.loo) =1.26x10° 4T

B= m)—lzli The Magnetic Field Insidea L ong SoIenoidI

Example6: Thetubeisbent into a circletoformatoroid. Find the magnetic field at the center.
The current enclosed by the indicated path is igngoseqg = Ni Where N is

the total number of turnsand i isthe current in the wire. The magnetic
field can only be afunction of r and so it must be constant along the path
shown. So, g‘j_5> - ds=BxXpr. Using Ampere's Law,

— . ) N .
g‘jB-dé:rrblenc,osedb B2pr = myNi b B:rrbz—prl.

Assume the inner circumference is equal to the length of the tube,
r=r,+2p 2pr=2pr; +pD =/ +pD.

o N . _ -7\E 1000
Thefieldis, B = ”b—g +pD| = (4px10 )

: 9(0.100) = 1.09x10°* T
€1.00 +p (0.0500) 2 —_—
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Chapter 30 - Summary

Biot - Savart Rule B = %(\)kd’f_zr

N . . |
The Magnetic Field Dueto aLong Straight Wire B = %

Ampere's Law q‘ﬁ - 08 = M grgosed

The Magnetic Field Inside aL.ong Solenoid B = rrb%i
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