MAGHNETIC FIELD

@  Itisa remion or space around a magiet or current carrying
conductor or a moving charge, in which its magnesic
effect can be felt. '

o The magnetic effect of electric current was first
discovered by Oersted in 1820.

‘The sources of magnetc fields are:

G a current carrying condustor

O changing electric field

O moving charged pariicle

O permanent magnet and elecwornagnet etc.

&  Magnetic field is a vector quantity and its dimensional
fermula is [MLT- A,

e  The SI unit of magnetic field is tesla (1} or weber/metre’
{(Wb/w?). The CGS unit of magneic field is gauss (G).
1 tesla = 1{* gauss

e«  Conventionally the divection of the field perpendicular
to the plane of the paper is represented by @ if into
the page, and by (& 1f out of the page.

BIOT-SAVARY LAW

® A current carrying wire produces a magnetic field
around it. Biot-Savart law states that magnitude of
intensity of small magnetic field #8 due to current 7
carrying element dl at any point ® at distance » fiom it
1s given by
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where 8 is the angle between 7 and i and |
= 4z x 107 T mA™ is called pemittivity of free

space. !
In vectorial form ;
_uef ax7 i
h 4n r3 i

So the direction of dB is perpendicular to the plane |
containing # and & .

S.I. unit of magnetic field swength is Tesla denoted
by T and CGS unit is Gauss denoted by G where
1 T=16°G.

Applications of Biot-Savart Law

e Magnetic field strength at any point at centre of circular
loop carrying current / and radius r is

O Directed inwards if the current is flowing in the
clockwise directisn.

O Pirected outwards if the current is flowing in the
anticlockwise direction.

& - Magnetic field on the axis of circular losp

Small magnetic field due to current element Idl of
circular loop of radius » at point P at distance x from its
centre s

JB = ﬁfdé sin90°

dr 57 4z (r2 + zz)
Component d8 cos ¢ due to current element at point
P is cancelled by equal and opposite component
dBcos ¢ of another diagonally opposite current
element, whereas the sine components d5 sint ¢ add
up to give net magnetic field along the axis. So net
magnetic field at point ® due to entire loop is

T, r
|
o it

B = @stint{: = 4 (rz N xz‘ {}12 . }(2}1;’3
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¢ towards the loop if current in it is in clockwise
direction.
¢ away from the lcop if current in it is in anticlockwise
direction.
e  If the point £ is far away from the centre of loop ‘e,
x ®>> r, then. macnstlc feld strengih at pomt Pis
ﬂg[?" p{}}?trz o4
= ——u~ or #= L
2:c'i 2w 2mx’
where 4 = mr* is area of circular loop.
e If the circular loop has ¥ turns then magnetic fietd
. . N7 .
strength at its cenire is B = — and at any point on
2r
the axis of circular loop 1s :
rr 2 i
v BN |
= - i}/'i”
25+ x° :
A <
e Magpetic field stremgth at the conwe & /’;\

of circular arc of angle § carrying
current J is Sy j

Find the magnetic field imtensity at the
point & in the figure, when current
flews in the loop as shown.

Soln: B,=B; + By + By + B, 2k
The magnetic field at O is the
vector sum cof the magnetic Keid
at # due to the segments [, 2, 3 P
and 4.

gz t'—']i; =() as #/{|# for the elements in the segments
2 and 4,

Hence dB = k—*]“’dix 7) = ¢ for them.
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AMPERE'S CIRCUITAL LAW

It sigtes that the line integral of miagnetic field arcund
auy closed path in vacuum is equal to {1, times the total
current passing the ¢losed path,

$B-dl =yl

®  Ampere’s circuital jaw is analogous to Gauss’s iaw in

electrostatics.
Applications of Ampere's Circuital Law
&

Magnetic ficld due (¢ an infinitely long straight solid
cylindrical wire of radius #, carrying curremt 7

© Magnetic field &t a point outside the wire f.e. {r > gj is
ud
2= My
3 Magnetic field ata pomt inside the wireie. (< a)is
My ];
2=
& Magnetic field at a point. on the surface of a wirs ie.
{r =#)is
of
=g
O The variation of magnetic field B and the distance »

from =xis is as shown in the figure.

4

Mote : If the cylindrical wire is hollow ie. it is in the form.
of pipe, then the magnetic field inside the wire is zero.
The wvariation of magnetic field and distance r from the
axis is as shown in the figure.
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I g straight wire of a circular cross-section
with radius ‘¢’ carrying steady current {. The current { is
unifermly distributed across this cross-section. Calculaie
the magnetic field in the region 7| < ¢ and », > 4.

r\u._____{___,_-#
"Vi
—r
=P
,_“«—"“%""“‘—q..
SR T ey s
S S Y
H
FRN S

Seiw.: The current £ is unifbrmly distribuied in the wire,
i

current per umit arez can be calculated as ’m;

{a} To calculate magnetic. field at ®, let us consides a loep
of radius 7, and apply Ampere’s law.
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(b)

(ﬁ Bodi =l ' Which gives magnetic field strength inside straight
et current carrying solenoid, directed along the axis of
’ I ” solenoid.
B2 = py| =5y r : - i
na? | * At the.ends of the 101_1g current carrying solenoid,
woln |' magnetic field strength is,
= o or B« 7 | 5 - e NI
To calculate magnetic field at Q, let us consider a | 2
loop of radius 7, and apply Ampere’s law. e  Magnetic field inside the toroid
(ﬁ B-dl = bol,u When current § is passed through a toroid having N
turns per unit length and of mean radius », then
B x2nr, = pol magnetic field lines set up inside the toroid in the
ne I form of concentric circles. Let one such loop be of
= radius 7, then line integral of magnetic field over that
=Ty closed loop is
Be Ll $ Bal - ¢ Bl cosd = Bal = Banr .G

¥ ' . .
2 But t
A graph can be plotted showing variation of magnetic ut by Ampere’s circuital law
field B with distance » from centre of wire. }

(ﬁé-df =l X total current threading the toroid
B

= M, * total number of turns in toroid x/
=, N2nrl -.(id)
By equations (i) and (ii) B.2nr = u N 2nd or B = pNI
This gives magnetic field at any point inside the
toroid, directed at any point along the tangent to

concentyic circular magnetic line of force at that point
inside the toroid.

Bxllr

=
L

;
Magnetic field strength at centre of long solenoid

Let a solenoid consisss of N tums per unit length and |
carry current /. Then magnetic field lines inside the
solenoid are parallel to its axis, whereas outside the
solenoid, magnetic field is zero. Line integral of magnetic
field over closed loop PQRS shown in figure is

(ﬁl—i-dl— i IB T J'B J' J’B ‘ Toroidal Solenoid
P o R s
- B=0 .,
g B y
> :
I 7 > ‘
AVAVAVAVE |
£ Cross sectional v_iew‘o-f ;he toroidal selenoid
9 | FORCE ON A CHARGED PARTICLE IN A UNIFORM
= [Bdicos0+ j Bdlcos90° +0 + j Bdlcos90° | ELECTRIC FIELD
P Q e When a charged particle of charge ¢ moving into a
| uniform electric field E, the force acting on it is given
=B [dl+0+0+0=B-L .G) ——
. | yF=qE
PQRS | - _
But by Ampere’s circuital law ‘ o The directif)n of F is sameas thatof £ ispositiveif ¢ 1s
R . I +ve and ~E if g is ~ve.
@B-d! = x Total current threading loop PORS
|
= Yy X number of turus of solenoid in loop PORS %[ | FM(:-\RGCINIEET(I)'C“ FI;ELCDHARGED PARTICLE JiN: A UNIFORM
= p,NLI (i) |

] ] . | ® When a charged particle of charge ¢, moving with
So, by equations (i) and (ii) [ velocity 7 is subjected to a uniform magnetic field 7,
BL = pNLI or B = pyNI ' the force acting on it is
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F=q(¥xB8) or F=4evBsing
where 6 is the angle between 7and &
e  The dirsction of this force is perpendicular to the plane
containing ¥and 2.
£=0if ¥=0, ie. a charge at rest does not ewperience
any maganetic force.
F=0if 8=0o0rig0° ie., the magnstic force vanishes
if ¥ is either parsliel or antiparalle? to the direction of E.
Torce will bemaxinnm if 8 =93°, Le., if ¥ is perpendicular

to &, the magnetic force has 2 mazimum value and is |

given by F, = #vB.

ffistion of a Charged Particle in a Uniform Magnetic Field
&  When 2 charged particle of charge ¢ and mass m moves

with velocity ¥ in auniform magretic fieid B, the force

actingon it is F'= gv8 sin8. The fstlowing two case arise :
¢ Case I : When the charged particle is moving

perpendicular to the field fe. & = 80°

© In this case path is circular

G Radius of circular path is

ne ey ?.mfi'_
" Bg gB
where X is the kinetic energy of a charged particle.
— . L 2aR 2am
G Time period #frevolutios is T =2 m%—
v [ 2]
. .
& The freguency, v= __=:q£
T Zmm

3
o The angular freguency, ® =2nv ”%;

e Case I1 : When the charged particle is moving at an
angle § to the field {other than §°. 80* or 180°).
In this case, path is helical.

O Due to perpendicalar component of ¥, 0 £, 7.2,
v, = v sinB, the particle describgs a circular path of
radius R, such that

2 .
”;’l =gqv,B or R= %J 25)5?9
o Time perisd of revolutior. is
2zRk 2w
“sind . gB

. B
O The frequency is R

2am
. q'B
O The angular frequency is w=2m0 = -
O The pitch of the helical path. is
2 xR
p=yxT=vcos@xT = adiiid osez‘—r-,‘—
! g7 tan v

Force on & Charged Particle in Combined Uniform

Electric and Magnetic Fields

e When a charged particie of charge ¢ moving with
velocity ¥ is subjecied to an electric field E ard
magnetic field B, the total force acting on the pariicle is
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J€=.§E -4-3:“ =4E 4+ g(¥ xé):q{g +7 % B}
&  This force is known as Lorentz force and is naiped afier
the Butch physicist Hendrik Anton Lorentz.

CYCLOTHONM
® Itis a hezvy particle accelerator, invented in 1929 by
(0. Lavsrence for accelerating charged particles such
as protoms, denterons, or alpha pasticles to high
velpcities.
- 24

Cyclowren frequency, v = T
where 7 and ¢ are mass aud charge of the particie and
B is the strength of magnetic Geld.

A beam of pretons enters a uniformi magnetic fleid of

9.3 T, with a velocity of 4 x 10° m $7, in a direction

meking an angle f 68° with the direction of magnetic

field. Determine

{iy the path of motion of the particles

(i1} the radins of the path of the particies

(i) the pitch of the helix.

Ssin.: (3) When the charged particle enters a magnetic
field at angie other than 90°, it fellows a helical paik.

(i) Force on proton = Bev
Centripetal force = —
, r
mv*
s Bev= ——

¥

my

(L67 x 1077} x {4 x 10°)
QT F = e = :

0.3x(L.Ex107%)

Radius of the path, r = 0.014 m

Pitch of the path

It is'the linear distance covered by the charged particie,
in one time period, in the direction of magnetic field.

(1)

. 2nmycosd
Pitch s« ——————
eB

=2x 3.14 x cos 60° x 0.014 = 0.04 m.
Force en a Current Carrying Conductor In a Uniform
fagnetic Field
&  The force experienced by a straight conductor of length
{ carrying current / when placed in a uniform magnetic
field A is
F=I1(x&; F=HBsinG
where @ is the angle between [ axd B.
If8=0° then #=0 (minimum}
1£@ = 0%, then F = Bl (maximum}
@  The direction #f this force is given by Fleming’s left
banad rule.

- = (27 cosB) = r

9  Flamizng’s Jeft hand yule : Stretch the fore-finger, central
finger and thumb of le hand mutuzlly perpendicular,
Then ifthe fore-finger is along the direction of fietd (), the
central finger in the direction of current 7, the thumb
gives the direction of force as shown in the figure.
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Force Between Two Parallel Current Carrying Conductors

Two parallel conductors carrying currents in the same
direction attract each other while those carrying
currents in the opposite direction repel each other.

When two parallel conductors separated by a distance
r carry currents /, and /,, the magnetic field of one will
exert a force on the other. The force per unit length on

either conductor is
b2y

4n
The force of attraction or repulsion acting on each
conductor of length / due to currents in two parallel
conductor is

Mo 201,
F= in r .
If two linear current carrying conductors of unequal
length are held parallel to each other, then the force on
a long conductor is due to magnetic #&eld interaction
due to currents of short conductor and long conductor.
it/, L be the lengths of short and long conductor and 7,
I, are the currents through short and long conductors
respectively and s is the separation between these two
parallel conductors, then the force on long conductor

Ho 24,1,

4n i

is equal to the force on short conductor = -—

Two parallel, long wires carry currents /; and J, with
I, > I,, When the currents. are in the same direction, the
mmagnetic field at a point midway between the wires is
10 uT. If the direction of 7, is reversed, the field becomes

I
30 uT. Find the value of 71

Soln.: Case 1

- Bl Boly
1 Z'Rd jﬁd €D eg—-D>

=) @
_”'U{\I L}_-‘ln [J,T

At P B

Case 2

tody 3 Yol

AP B = om T omd
7 & » 1,
— G+ h) =30 uT o<

i

= 7 ‘7

B I -1,

By, Q[ +1
L—-4, 1
L+, © 3

Using Componendo and Dividendo rule,

~10uT
euT

-+ (L +1)
(h-L)-(L+1)

143 4 _4 L _
i3 o, 271,

Torque on a Current Carrying Coil Placed in a Uniform
Magnetlc Field

When a current carrving coil is placed in a uniform
magnetic field, the net force on it is always zero but
different parts of the coil experience forces in different
directions. Due to it, the coil may experience a torque or
couple.
When a coil of area 4 having N tumns, carrying current
I is placed in a uniform magnetic field B, it will
experience torque which is given by
T = NIA Bsin8 = MBsin6
where magnetic dipole moment M = NIA4 and O is the
angle between the direction of magnetic field and normal
to the plane of the coil
If the plane of the coil is perpendicular to the direction
of magnetic field i.e. 6 = 0°, then
7 =0 (minimum)
If the plane of the coil is parallel to the direction of
magnetic field i.e. 8 = 90°, then
T = NI4 B (maximum)
If o is the angle between plane of the coil and the
magnetic field, then torque on the coil is
T = NIAB cosc. = MB cose.
Potential energy of the coil is

U=_M.B

Workdone in rotating the coil through an angle 8 from
the field direction is
W= MB (1 —cos 6)

MOVING COIL GALVANOMETER

It is an instrument used for the detection and
measurement of small currents.

‘ Principle of a Moving Coil Galvanometer

When a current carrying coil is placed in a magnetic
field, it experiences a torque.

In moving coil galvanometer the current / passing
through the galvanometer is directly proportional to its
deflection (8).

I8 or, I=GH.
k )
where G = NAE galvanometer constant

A = area of a coil, N = number of turns in the coil,

B = swength of magnetic field, & = torsional constant of
the spring ie. restoring torque per unit twist.

Current sensitivity : It is defined as the deflection
produced in the galvanometer, when unit current flows
through it.

6 NAB
I ko
The unit of current sensitivity is rad A~ or div A"
Voltage semsitivity : It is defined as the deflection
produced in the galvanometer when a unit voltage is
applied across the two terminals of the galvanometer.
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