B. Sc. Physics (H.R.K) Chapter 35: Ampere’s Law

AMPERE'’S LAW

35.1 The Biot—Savart Law
Shortly after Oersted’s discovery in 1819 that anpass needle is deflected by a current-carrying

conductor, Biot (1774-1862) and Savart (1791-1$&tjormed quantitative experiments on the forcatere
by an electric current on a nearby magnet. Theraxeatal observations of Biot and Savart aboutrttagnetic
field produced by a current carrying conductoraahe point in space are as follows:

> The vectordB is perpendicular both tds (which points in the direction of the current) adthe

unit vectort directed fromds towardP.
> The magnitude ofdB is inversely proportional ta?, dB,, P

wherer is the distance fronds to P.

> The magnitude ofB is proportional to the current and tc r

the magnitudéds| of the length elemernts. » /
> The magnitude oflB is proportional tesin 8, whered is r&ds
the angle between the vectaisandf. N p
These observations are summarized in the matheahat 4dB

expression known today as the Biot—Savart law:

Ids sin 0
|dB| o —
r
I dssin@
_, |ap] = Ko 1dssin®
4 r2

Where Z—i is the constant of proportionality apg.= 47 x 10~/ % is called the permeability of free space.

In vector form:
dB = Ho I dssin@ o (1)

am r2

Wherei is the unit vector showing the direction of figdd is determined by right band rule.

If 1is a unit vector along current element ai$ the unit vector along position vectoiof point P,
then
ixft=|i||fsinf0n=(1)(1)sinf i =sinf i
The equation (1) willbecome:

Idssin€ _
dB = ko n=

am r2 AT r2 AT r2

o 1ds(ixf) _ po Idsixt

As1 is a unit vector along current element, therefate = ds i

I dsxft
dB = * g
4T r
I dsx(=
= JB = X (r) s p==1
an 12 r
I dsXr
=dB = & 2)
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The magnetic inductioB at pointP due to whole wire is obtained by integrating €): (

I dsxr
r3

— — Ko
B=[dB = |

This is known as Biot—Savart law.
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35.2 Application of Biot—Savart law

35.2.1 Magnetic Field due to Current in a Straight lds| = dx Pe
Conductor ;"/
Consider a long straight conductor carries curfeas /

r, )
shown in the figure below: ‘ ‘

We want to find out magnetic field strength at pdin

due to this current carrying conductor. The perjpandr _\f .
distance of poinP from the wire is&’. ds 0
N
For this we consider a small length elemést which Jos— I

is at the distance from point O (taken as the origin). The magnet&distrength due to length elemeist by
Biot—Savart law will be:

_ Mo Idssin®
dB = 22— (1)

v r?2=x?+ a® and ds=dx
Thus equation (1) will become

__ po Idxsin@
B = e @)

From figure:

a

tan 6

a
tan0=_—xﬁx=—

» negative sign is necessary becaise
is located at a negative valueof
= x = —acoth
And dx = a csc?0 do
The equation (2) will become:

dB = Ho I(acsc?0df)sin® _ pg “I(acsc?6df)sing _ po I(acsc®6 do)sing

am a? cot? 6+ a? an a? (1+cot? 6) am a?csc?2 6
_ Mo Isin 6de
dB = e 3
To find out the field due to the whole wire candieained by integrating equation (3):
o> __ o too Isin@df _ pol oo
B=[_, dB =7 [, " = - [, sinodd

AsS x = —acotf

when x - —oo: 6 -0
when x — oo: 0 - m
B= &l [T sin@do = Hol 1 _cos g™
4ma 70 ATta
ol Mol
B = ~ira (cosn—cosO)=—E (-2)
p = K

2ma
This is the expression of magnetic field inductitue to a current carrying conductor.
In vector form:

I
B= 2
2ma

Wherefi is the unit vector which represents the directbtangent to the circle at point P.
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35.2.2 Magnetic Field due to a Circular Current Log 3
Consider a circular current loop of radiRscarrying current!
as shown in the figure below:
We want to find out the value of magnetic fielcesigth at
point P on at the distance from the center of the loop. For
this we consider a small element of lendshsuch that the

angle between andds is 90°. Therefore,

I dssin @
dB = Ko 4ssmne

am r2

By Biot-Savart law, we find that magnetic inducti@B is perpendicular tar andds. So by.putting

6 = 90°, we get:
Id
dB = 22 @

We resolve theiB into rectangular componenss, anddB,. From the symmetry, we find thdiB,,
has no contribution to the field at poit becauselB, components of element.will cancel out each ot@aty
the x-components are added up to give the magnetic stedthgth at poinP. Therefore,

u Ids Hol ds

B=¢dB, =§dBcost =§>—cos® =->$—cos 6

From figurer? = x% + R?

Andcos 6 = é = \/ﬁ
- Z_:é xszRZ \/xz}:- R? - 4m (xgilf«’z) é s
B=— (xl:ilia $ ds v §ds =2mR
B = s s 27R)
= @)

2 (x2+ R2)°/2
This is the expression of magnetic induction ahpBi due to circular loop of current.

Special Cases.
Case 1 Magnetic field induction at center of circular cemt carrying loop

At the center.of the loop = 0. Putting value in equation (2), we get
_ BIR? polR?
= 2 (R2)3/2 - 2R3

L Kol
2R
Case 2 Magnetic field induction at very large distancerfrdoop

At very large distance from the center of the aorteop i.e.,x > R, the magnetic field induction will

be:

UoIR?

—m v x> R; x%>+ R* = x?
x

_ _MolR* _ poIR?

2(x2)3/2 2x3

2
B = HolmR _ Kold  Multipying and Dividing by

2m x3 2m x3
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This is the expression of magnetic induction focuarent carrying coil of one loop. For a current

carrying loop having N turns:

= HolVIA _ okt ** Dipole Moment u = NIA

2m x3 2m x3

35.2.3 Force between Long Parallel Current CarryingConductor
Consider two long, straight, parallel wires sepedtdiy a small

—fe
distance &’ carrying currentd; andl,, respectively. The current passing "“-|
through each wire produces a magnetic field arouadd each wire is - B I
B‘I / ' \
placed in the magnetic field produced by the other. T £\ a
o 1}
' I.'
The wire 2, which carries a curreft creates a magnetic field / ] i
2
B, at the location of wire 1, which can be find outusing the expression: y
B, =422 ()

2ma

The direction ofB, is perpendicular to wire 1, as shown in Figufee magnetic force on wire 1, due
to magnetic force of wire 2, will be:
F1 = IlL X BZ

The magnitude of magnetic force on wire 1 is gilagn

= F, = LB, sin 90’ L and B, are perpendicular to each other
= F, =1,LB,
Holz Mo Iy I
=F =1L (—) =—-"L
! ™ \2na 2ma

wherelL is the length of conductor. The direction of fof;ds towards wire 2.
Similarly, the force on wire 2, due to the magnétice of wire 1, carrying curretf is expressed as:

Moy I
F,=—L
2 2ma

The forceF, is directed towards wire 1. The forces are equdl@posite, so, will attract each other.

If the direction of element in one wire is opposdehat in the other, the wires will repel eachest

35.3 Ampere’s Circuital Law
The ampere law is stated as,
“The line integral of magnetic inductidd due to current

around any close loop jgtimes the current enclosed”
35.3.1Integral Form of Ampere’s Law

Consider a straight current carrying wire. The nadigrfield will produced around the conductor as th

current flow through it. | I

The magnetic field strength due to this currentyéag wire at any \
point at the distance is expressed as: :
Kol g 1) _—
27R
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The symmetry shows that the magnetic inductioraimes everywhere on the circumference of circle.
The equation (1) can be expressed in more germralds:

I
fB.dl = f’lk.dl

2ma
Uol ng
= — ¢ k.dl
2ma
« k is partallel to dl
I
= ”ngdl “dl = adf
2ma
_ Kol _ Hola % _ Mol
=>ng.¢11 = = ff;ade =5 $do=-_—0m

ﬁ%B.dl = ﬂol

This is called Ampere’s circuital law.
AsI = [].ds, therefore

fB.dl = Mofl.ds

This is integral form of Ampere’s law.

35.3.2 Differential Form of Ampere’s Law

The Ampere’s law is expressed in integral form as:
$B.dl = p, fs]. ds (2)

Using Stoke’s theorem on L.H.S., we get

fB.dl = fcurlB.ds

Thus equation (2) will become:

fcurlB.ds = /,tof].ds

N N
fcurlB.ds— uoj].ds= 0
N N

f (curl B~ po)).ds=0

= curlB—p,J =0

= curl B = ;)

This is.differential form of Ampere’s law.

35.4 Applications of Ampere’s Law
35.4.1 Magnetic Field due to a Solenoid

A solenoid is a cylindrical frame tightly wounded &n insulated wire. The magnetic field produced by
the current carrying solenoid is like the fieldeobar magnet. The magnetic field strength outdidesbtlenoid is
negligible as compared to the field inside it.

11
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We want to find out magnetic field intensiByat pointP inside a current carrying solenoid. For this we
consider an Amperian loop. The symmetry shows tiietclose path can be@gd into four elemerits3

and 4. By Ampere’s law: n‘)

jg B.dl = puy x (Current Enclosed)

)C
|
|

x| X

X

=75
AN

Y

The integralf B. d1 can be written as the sum of four integralst&'}

fB.d1+fB.d1+fB.d1+fB.d1= tho X ( 1@1 Enclosed)
1 2 3 4

Here [, B.dl = [, B.dl.= 0 because the angle betwaganddl is 90°.

Also f3 B.dl =&the field outside the solenoid is negligible.

Therefore,
J-B. dl = py % (Current Ev&)
1
= fB dl cos0’ =}&’ﬁr7‘ent Enclosed)
1

= fB dl z\&'(current Enclosed)
1

Since the magnetic field strengtB for the loop element 1 is constant inside the gmfkn So,

J- dl'= py X (Current Enclosed)
1

L

0 l = o X (Current Enclosed) 1)
ol

l'is the length of element 1 of Amperian loop.
To find out the current enclosed by the loop, wasiter that there are turns per unit length of a
solenoid. Then
Number of turns in length l of solinoid =nl
If I is the current flowing through solenoid, then
Current Enclosed by the Amperian Loop =nll
Hence the equation (1) will become:

Bl= pyxmll)

12
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B= pml

This is the expression of magnetic field strengtle tb a g f :(7
current carrying solenoid. This relation shows that magnetic field %Q'g ‘
inside a solenoid depend only on currérnd number of turns per c./l/')

unit lengthn. . C//) |
=%
35.4.2 Magnetic field due to a Toroid g /

A toroid is used to create an almost uniform magnetic fie

in some enclosed area. The device consists of ducting wire wrapped around a ring t@us) mars%(()f a
nonconducting material as shown in the figure.

We want to find out magnetic field strength at goynt inside a toroid. For this W der circula
Amperian loop of radiug. By symmetry, we see that the magnitude of thie iie Con;\dﬁ\ his circle and

tangent to it, therefore:

B.ds = Bds \

Whereds is the small element of amperian loop.

By applying Ampere’s law:
. “
jg B.ds = py X (Current Enclosed) ‘\&r

= -(fB ds = uy X (Current Enclosed)

= Bj( ds = gy x (Current Enclos%

YY ¢ ds =2nr

= B X 2nr = gy X (Current losed) (1)

If N are the number of turns of oroid dnd the current in the toroid, then
ent Enclosed by the Amperian Loop = N |

The equation (1) will

B X 2m Q{,X(Nl)

This is the expression of magnetic field streng#ide a current carrying toroid.

‘(
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