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Electric field Lines - Stationary Charges Electromagnetism

Electromagnetism is based on the principle that moving
charges can produce electric as well as magnetic field.

Electrostatics Electromagnetism

® Charges are at rest ® Charges are moving



Oersted's experiment

When the switch is OFF When the switch is ON

The needle of the magnetic compass
directs towards the magnetic North and
magnetic South poles of the earth.

Deflection in the needle of magnetic compass.



s

Magnetic Field Intensity

The compass points tangentially to the
imaginary circle drawn around the
current carrying conductor.

These imaginary circles are known as
Magnetic Field Lines




@ Magnetic Force and its Direction

Magnetic force (F,,) depends on the following:
|Fnl < q |Fy| o 3] sin 6

- -

|Ey| o |B| E LBYE Wy

Combining all these observations:

-

En = q(¥ X B)

The direction of Magnetic force (E,) can
be obtained using right hand thumb rule.

Note:

If g is positive, then the direction will be along v x B.

But if g is negative, it will be the opposite.
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Ac hand thumb rule




7 Find the directions of the magnetic force, if the following configurations of
° magnetic field, direction of velocity, and sign of charge are given.

: /
X

ol

Direction of (¥): —1
Direction of (B): -}
Sign of q: +ve

Direction of (E,): k

v

Direction of (#): —f
Direction of (B): —k
Sign of q: —ve
Direction of (E,): —1

v

(=1

Direction of (¥): —}
Direction of (B): +j
Sign of q: —ve
Direction of (Ey,): null

Direction of null vector is
‘indeterminate’




7' A charge of 2.0 uC moves with a speed of 2.0 x 10°ms~! along the positive x-axis.

A magnetic field B of strength (0.20] + 0.40k)T exists in space. What is the
magnetic force acting on the charge?

Solution, E, = q(# X B)
ﬁm = qui X (B, + B,k)
ﬁm = quylz — quB,j
= 2.0 uC x 2.0 x 106 m/s x 0.20 k — 2.0 uC x 2.0 x 10 m/s x 0.40 j
Simplifying we get,

F,=(08k—-16j)N

A C  (08k—-08/)N

B)) (1.6k—16j)N D  (16k-08j)N



@ Unit of Magnetic Field

)
|B| =

max

qlv|

The Sl unit of magnetic field is Tesla (T)

(RfeEe P e

c-m/s T A-m

A smaller unit called Gauss is also used instead of Tesla
Tgauss=16G =107*T
Gauss is the CGS unit of Magnetic Field.

Another commonly used unit is Wb/m?

1T = Wb/m?
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@ Work Done by a Magnetic Force

We know that E,, 1 %

Instantaneous power delivered is zero.
P=E,-$=0
Work done by magnetic force,

W, =0

From Work-Energy Theorem, we know,

“If only magnetic force is acting on the system, then, the
speed of the charged particle remains constant whereas the
velocity may be variable since the direction of the particle
might get changed during the motion”

If velocity of the particle is ¥ = v, + vy + v,k,
then the speed is defined as,

B(®)

17| = \/vf +vj + vZ = constant



@ Direction of Motion in Magnetic Field

Magnetic force (ﬁm) depends on:

Angle between the velocity (v) and the magnetic field (B)

— — 1}) -
B 5 1 B
> > > > > >
> > = > D > >
v (%
> > — S > 4]
> > > > > >
> > > > > >
g’ =10¢ 8="180s g:=90"
ﬁm:0 ﬁ = Ey, = Epax

: e : i What will happen when the
There will be no deviation since the force acting is zero. maximum force is acting on the
particle, i.e, the force and
velocity are perpendicular to
each other?



| ' Motion in Magnetic Field
When 6 = 90°, |E..| = guB (+ E, L # at every instant s
| | qu ‘m Yy ) B(®)
% mv? mv
Radius of the circle (R)  |E,| = qvB = R
R qB
Also,
i Y where «a is the specific charge <
~ aB or charge per unit mass E,
Time Period, =2 _ (2_"> <@>:> - 20
v v qB qB
Frequency, f= Lo (i) LIV P qB * G
T 2/ \mv T 2mm
= qB qB Uniform Circular Motion
Angular speed, Ww===v|— w=—
R mv m

Thus, T, f, w are independent of speed(v) of the particle.



A proton, a deuteron, and an alpha particle moving with equal kinetic energies
enter perpendicularly into a region of uniform magnetic field. If r,,7; and 7, are
the respective radii of the circular paths, find the ratios r, /14 and r, /7.

5

Solution . ;
mv
R = — s - (@)
qB qB
R vm (~ all other parameters are constant.) s
q p Uy
Proton @< 2
v
(p)
T_p = 4 st il = p e 1 mg 1—5
N 55 TRl d
Ta <ﬂ> (ﬂ) ) Deuteron .*
da 1

( > Alpha
i particle




A particle of mass m = 1.6 x 10727kg and charge q = 1.6 x 1071°C moves at a speed
of v=1.0 x 10’m/s. It enters a region of uniform magnetic field at a point E. The
field has a strength of 1.0 T.

(a) The magnetic field is directed into the plane of the paper. The particle leaves
the region of the field at the point F. Find the distance EF and the angle 6.

(b) If the field is coming out of the paper, find the time spent by the particle in
the region of the magnetic field after entering it at E.

L0g

B(®)

m, q



Solution,
13| =1.0x 10’m/s |B|=10T

Since, ﬁm 1lv=>W =0 = speedremains constant

6 = 45°

BT = T ol E (mv)( . )
= COS = — —
qB J\\2

E R o BLCR 10727 x 1.0 x 107
< el 1.6 X 10-19 X 1.0

EF =0.14m

)QD

S B@®)

6 = 45° o

e
45°

m,q

14| =1.0x10’m/s |B|=1.0T
Since, E, l¥=>W =0

: _2n—29R_ 3\ (mv
i v ~\2v/\¢gB

_ (3mm\  3m1.6 X W=El
B v \oB |8 16631012

3 i
tEF = 7 X 10 S

tEF = 4‘7 X 10_85 v @



The region between x = 0 and x = L is filled with uniform, steady magnetic
? field Byk. A particle of mass m, positive charge g and velocity v,i travels along

x-axis and enters the region of the magnetic field. Neglect the gravity

throughout the question.

(a) Find the value of L if the particle emerges from the region of magnetic
field with its final velocity at an angle 30° to its initial velocity.

The magnetic field (B) is represented by
“" (dot). So, it means the field is coming
out of plane of the screen i.e.,, along

+ ve z-axis.

When the particle just enters the
magnetic field :

Velocity (v) of the particle is along +wve x-
axis.

The magnetic force (E,) of the particle
of charge +q will be along (# x B) =i x k
==

CP = CQ S
= —
qB,
PQ=1L
P
in30°=— =~
Sin CQ >
L 5 1
)
L r
)
mvo
L =
2qB,

Ve




The region between x = 0 and x = L is filled with uniform, steady magnetic %
field Byk. A particle of mass m, positive charge g and velocity v,i travels along

? x-axis and enters the region of the magnetic field. Neglect the gravity

throughout the question.

(b) Find the final velocity of the particle and the time spent by it in the

magnetic field, if the magnetic field now extends upto 2.1L.

Condition of semi-circular path for the particle: y
Width of the region of magnetic field > Radius of the §(®)
semi-circular path
We have:r = 2L
Given: Width = 2.1L Condition satisfied e N

Final velocity : F = Vo = Vol

Time spent by the particle in the field = Time period to cover the semi-circle

T (an/qBO) =

— = — 5 e
tpo > ) tpg = > ) PQ qB,




Two particles, each having a mass m are placed at a separationd in a uniform

magnetic field B as shown. They have opposite charges of equal magnitude
7 q. At time t = 0, the particles are projected towards each other, each with
speed v. Suppose the Coulomb force between the charges is switched off.
(a) Find the maximum value v,, of the projection speed so that the two
particles do not collide.

The Coulombic force between two charge
particles is neglected.

As particle’s velocity increases, the radius
of the semi-circular path also increases.

The particles will not collide if: v <,

At maximum speed v, : di; =0

d
R+R=d;R=5

2 B = e

mv,, d qBd
qB 2




| f' Motion of a Charged Particle in a Uniform Magnetic Field

N =

Straight Straight
line motion line motion

Component of velocity perpendicular to the
direction of magnetic field: v, = vsiné

l

This is responsible for UCM of the particle.

Component of velocity parallel to the
direction of magnetic field: v = v cos 6

This is responsible for linear translational
motion of the particle.

8 =+ 0°,180°
and 90°

Circular motion

v) =vsing |



| f' Motion of a Charged Particle in a Uniform Magnetic Field

xy plane yz plane

|

YR AN
— YN IRTAVATAY
\S\/\Qﬁ\lu 7% /
The radius of the helix Time period
UCM of the particle Y S SN G AT

R = = T = —
+ qB qB WL qB

Linear translational motion of the particle

II 1 qB 2mmuv cos 6
Helical motion of the particle = T o p=yT= TR

Frequency Pitch of helix
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A beam of protons with a velocity of 4 x 10° ms~! enters a region of uniform
7 magnetic field of 0.3 T. The velocity makes an angle of 60° with the magnetic

° field. Find the radius of the helical path taken by the proton beam and the pitch
: of the helix.

Solution:

Radius of the helical path: gr = &;9
q

_ (1.67 x 107 27)(4 x 10°) sin 60°
= (1.6 x 10~19)(0.3)

R =lél.em

2mTmuv cos 0

The pitch of the helical path: p = i

_ 2m(1.67 X 107 27)(4 x 10°) cos 60°
28 (1.6 x 10~19)(0.3)

p :
p=44cm z
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| f' Electromagnetic Force on a Moving Charge; Lorenz Force

When both electric field
= and magnetic field act
2(0)) simultaneously on a

charged particle, then

total force acting on the
particle is the vector

Electric force on the particle :
F, = qE

Magnetic force on the particle:

B e i el

E,=q(# x B) E sum of electric force and
27 razehcle  jores s
Total force on the particle : _/@ total force is known as

e Lorentz force”.

a
]
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1
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1
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A particle having mass m and charge q is released from the origin in a region

in which electric field and magnetic field are given by B = —B,J and E= E,k.
Find the speed of the particle as a function of its z-coordinate.

?

Initial speed of the particle=0 =) Initial kinetic energy =0 y

Final speed of the particle=v = Final kinetic energy = %mvz

Work done on the particle by magnetic force, W,,, = 0

el

Work done on the particle by electric force, W, = F, - zk = qE,z

Apply Work—energy(i\eorem :>

W, + W,, = AK.E.= zmv2 -0
1 g /(m,q) X
quz=§mv2 o I
2qE,z
v =
‘/ m
7




2

When E,ﬁ and v all the three are collinear:

The electrostatic force acting on the charge:
E, =qE
The direction of velocity of the particle

and that of the magnetic field is along
the same direction.

l

(v <B)i=18
The magnetic force on the charged
particle on the particle:

=5

E,=0

Motion of a Charged Particle in a Uniform
Electromagnetic Field

The total force i.e., Lorentz force acting
on the charge:

- -

ﬁzFezq

If the charge is positive, the charge will
accelerate in the direction of electric field.

If the charge is negative, the force on it
will be opposite to its velocity and the
charge will decelerate.

23 =

B E

>
v
— -
« @




'D
A particle with charge +q and mass m, moving under the influence of a

7 uniform electric field Ef and a uniform magnetic field Bk, follows a trajectory
H from P to Q as shown. The velocities at P and Q are vi and —2vj. Find the
magnitude of the electric field and the rate of work done by it at P.

: =
Solution . l
Work done on the particle by magnetic force, ;. = 0

B(®)

<[

(g o e e,

Work done on the particle by electric force, W, = F, - 2ai = 2qEa

Apply Work-Energy theorem from P to Q : "

<

W+ W = ARE (e G~
e e = vaQ vap = ]

1 20
2qgEa+ 0 = Em(4v2 — v?)

The rate of work done by electric field at P :
| 3mug

~ 4qa dWe
dt

e

aw, A i dw, 3 (mv®
i CLORCONY |~ =71 =

8
=Fe'ﬁP




@ Motion of a Charged Particle in a Uniform
Electromagnetic Field

= y

F 3 and B are Collinear E,_)v, and B are Mutually Perpendicular
B

E

<Y

e }
q i/q%—”» X
B
7
|F| = q|E| - ql91|B]
fel 0 Special Case:
E= (RSBt |F| = 0= qE — quB =0
F=F =qE

S

| b

Conditions:
E, @, and B are mutually
perpendicular

E and B are uniform



Ifv > %,the charged particle will move Ifv < g, the charged particle will

downward. move upward.
EMETA |Fnl < ||
= quB > qE = quB < qE
E E
>v> E = = E

Velocity Selector

EIO)

Selects charged particles of a particular velocity
out of a beam containing charges moving with
different velocities.

Selection is irrespective of their charge and mass.
|Fm| = |Fe| = quB = qE :>U=§

[iF = %, the charged particle will move
undeflected in the electromagnetic field.



- The figure shows a velocity selector whose electric field is produced by a potential
7 difference of 150 VV across the two large parallel metal plates that are 4.5 cm apart.

H Find the magnetic field B, so that a positively charged particle having a velocity of 3.25 km
/s perpendicular to the fields will pass through the plates undeflected.

Calculate the magnitude of B:

E E
e =Wd
B v v
_150/0.045

= Ry

=B =1.02T

Calculate the direction of B:
E, I ¥xB

SN,

ix(—k)=7j

1.20 (k)




@ Cyclotron %

A machine that uses both electric and magnetic fields in combination to accelerate charged
particles or ions to high energies

Cyclotron frequency Kinetic energy imparted to charged particle
Deflection
late . & o
Tp . T S 4B Radius of the trajectory at exit = R
- - —_ =i g = A
[ qB 2 We have, R = %
b1 D> ~ Kinetic ener
f. is independent of 9
speed and radius of v i
; =-—mv
E B charged particle. %
_ m(qBR)’
e A
2B2R2
e ¢

2m



P

A proton is accelerating in a cyclotron where the applied magnetic field is 2 T. If
the potential gap is effectively 100 kV, then find the number of revolutions made
by the proton between the “dees” to acquire kinetic energy of 20 MeV.

Potential gap, V = 100 kV ; Acquired kinetic energy, K = 20 MeV

T E@ﬂ:cﬁon Energy acquired by the proton in one revolution,
. ExitErt = 2 x CIV
~ No. of revolutions,
D
3 ke 20 I 0gd
B 05
-+
= N =100 A c 200

D; and D, are the “dees”

B ) 150 150 D 300



@ Motion of a Charged Particle in a Uniform
Electromagnetic Field

D 0 no
E |l Band 6 # 180°0 Along the x axis:

Force along x axis,

3
_ ! ! E, = gE = ma
¥, = ¥, sin 6 VYo RS 5, =1 sinf e i 5
I / - 1 o
9 R | ,/“ ;‘ ) \ E

E,§ /L’:f
. i Uy = Uy + Ayt

Magnetic force results in a helical motion. =|Vy =V, cos 0 + a,t

Electric force accelerates the particle along the x - direction.

~ particle will undergo helical motion with variable pitch.



E I Band 6 = 180°,0°

y

U, =1, sing

/ﬁ

In the yz plane:

Radius, [

qB

muv,sin 6 ]

Time period,

2mm

T="—

qB

Motion of a Charged Particle in a Uniform
Electromagnetic Field

ln\ M e

Pl
T
|
T —
S|
T —

Acceleration,

d, = w®R sin wt (=)

\.

~\

J

s

4
d, = w?R cos wt (—k)
. J

E | Band 6 =90° Along the x axis:
Force along x axis,

Fe = qE =ma,

Time period, —



?h

after a time

Initial velocity:

Magnetic field do not
change the magnitude
of velocity.

Zmu;
qEo

3mv,
qEy

A particle of mass m and charge g has an initial velocity v = v,j. If an electric
field E = E,i and magnetic field B = B,i act on the particle, its speed will double

After time t, But,

U, = U, + a,t
v=\/vx2+(vy2+vzz) 5 o

= V3y, = 0+qut
20 (U ST 2 m
— 1w, =%, =>t_\/§mvo
qE,
C

\/fmvo
qEo




@ Magnetic Force on a Current Carrying Element

Force on one electron, Force on a small element,
d—F;f:—e(v_d’xﬁ) .s AdF =i(dlxB)
i I Integrating,
Total force on n electrons,
i, A i A F=|dF
dF = (nAdl)[—e(vg % B)] F—] ||
= (—neAdD)|(vq X §)] = _[ el > 15)
= dF = i(dl X B) >|F = i(Ix B)

[+ i = —neAvy] =
[ B is uniform]



On a smooth inclined plane at 30° with the horizontal, a thin current carrying
metallic rod is placed parallel to the horizontal ground. The plane is located in
a uniform magnetic field B of 0.15 T in the vertical direction. For what value of

current can the rod remain stationary? The mass per unit length of the rod is
0.30 kg/m. (Take g = 9.8 m/s?)

E,cos302

‘g

E,,cos30°

o)

For equilibrium of the rod,

mgsin30° = F, cos30°

e o ]
=>mg><z=llB><7
, m 1
o i~ xax(oh)
~ 03x938
~ V3x0.15

=>i=1134

o



Two long metal rails placed horizontally and parallel to each other are at a separation [. A uniform

o

’ magnetic field B exists in the vertically downward direction. A wire of mass m can slide on the
7 rails. The rails are connected to a constant current source which drives a current i in the circuit.
® The friction coefficient between the rails and the wire is p.

What should be the minimum value of u which can prevent the wire from sliding on the rails?

. =d
i f
.

Y =
( ) 11 e l
—

f2

Bl

Magnetic force:
dE,, = i(dl x B)
= E{ = i(fx E)
= F,, = ilBsin90°
= E, = ilB
Static friction:
fitfh=f<pumg

A

Condition for no sliding:

Fn = fo
= F, < umg
= ilB < umg
ilB ilB

:>.u2m_g :>.Umax:m_g

myg iB
ilB c mgl

mgl
iB D



A charged particle with charge g enters a region of constant, uniform and

. mutually orthogonal fields E and B with a velocity perpendicular to both E and
? B, and comes out without any change in magnitude or direction of 7. Then,

For undeflected motion of the charge particle,
the required condition of velocity of the charge
particle is,

& E
=
The direction of velocity v should also be

parallel to (E x B). So,

ExB
V= B2
U=M [Since E L B] A ﬁ_BXE
B2 7 E2
CeF

JEE MAIN 2007

o



7 Find the magnetic force on a current carrying semi-circular wire.
o

Consider a small element of length dl.

The magnetic force on the element :
|dF| = i|dl x B| = i(Rd6)B

The horizontal component of dF from symmetrical wire
elements get cancelled out in pair and hence, net force on
the wire will be due to vertical component only.

So, net magnetic force on the current carrying semi-
circular wire,

f— desinQ

F = iRB[—cos0]3
= j(i(RdG)B) sin 6

p F = 2iRB

F = iRB | si i : .
' jo SO Net force on the wire will be in the upward direction.



4

| i' Magnetic Force on arbitrary shaped wire
® The magnetic force on any arbitrary shaped current carrying A
wire is: !
T dF = b (1,0)
[ P i(fx §) ] Ma'gnetlc field should be \ /
uniform ,
X i dl ,/,
Where [l is the vectorial length of the wire obtained from v, K
the coordinates of two ends of the wire and its direction is \\\ ~
same as the current. 2 X’
fla\
(0,0)

® Since the current carrying loop is a closed loop, the vectorial
length of the wire : [ =o0.

®* Therefore, the magnetic force on a closed current carrying loop
placed in a uniform magnetic field is:

=B




A wire, carrying a current i, is bent and kept in the x-y plane along the curve y

7 = Asin (%nx) A uniform magnetic field B exists in the z-direction. Find the
o magnitude of the magnetic force on the portion of the wire between x = 0
and x = A.

The magnetic force on any arbitrary shaped current
carrying wire placed in a uniform magnetic field is :

F =i(lxB)

The vectorial length of the portion of the wire
betweenx =0andx=411is:

=

=21
The magnetic field : B = Bk

So, the magnitude of the magnetic force is :

[F] = |i(Ix B)| =

At x Bk| = i|AB(—))| = iAB

|F| = iAB




@ Current carrying loop in Magnetic Field

If we rotate the loop in its own plane by
some angle, it will remain in that new
orientation and this configuration of the
loop is its neutral equilibrium position.

At this orientation of the loop, all the
opposite pair of forces act along the same
line, opposite in direction and equal in
magnitude.

So, net magnetic force and the net torque
on the loop are zero.

When the loop is rotated by an angle 6, as
shown, the pair of forces each having
Mmaghnitude ibB forms a couple, and a torque
Is produced in the loop.

AND
ool



Torgue on the loop:
G —uiyIBEsIniC
T =I1ABsinf

[%:Wﬁ]

ibB

ol

ibB

Ve

Current carrying loop in Magnetic Field

Magnetic dipole moment of the
current carrying loop:

i=id

Torque on the loop:
(=7

ibB
I
\ B
=

,.M.\

K

AN

///ilB " ibB
.

Magnetic dipole moment of the current
carrying loop :
Magnitude of magnetic dipole moment:

= = i
Right hand thumb rule gives the
direction of magnetic dipole moment

along y-axis.
Magnetic dipole moment : [ f = inr?j ]

\4




?

Magnitude of magnetic moment of the loop ABEFA
= Magnitude of magnetic moment of the loop BCDEB

Magnetic dipole moment each loop :

o a1l 2 el
. =~ 100 MG0 .

Net magnetic dipole moment :

V2
Hnee = VW* + 2 =V2pu = =5 Am?

1 i
=—— Am
Unet 25\/5

=

Find the magnitude of magnetic moment of the current carrying loop ABCDEFA.
Each side of the loop is 10 em long and current in the loop isi = 2 A.




o

7 A loop carrying current I lies in the x-y plane as shown in the figure. The unit
vector k is coming out of the plane of the paper. The magnetic moment of

the current loop is

Area of the loop is : -
Area of two circles of radius ~ih Area of a

square of sic%e length a
a
A= B34 n<§> + a?

A—n—az+a2—<z+1>a2
) )

Magnitude of the magnetic moment of the
loop is:

T
E=SIAR= <E+ l)azl

Direction of current suggests the direction
of magnetic moment should be along k.

yA
i

JEE MAIN 2012

~

A a’l k
B —<E+ 1) 0
2
C (E 1 1) a’l k
7
D —Q2r+ Da%l k



A uniform, constant magnetic field B is directed at an angle of 45° to the x-axis
in the xy-plane. PQRS is a rigid, square wire frame carrying a steady current I,
with its centre at the origin 0. Attime t = 0, the frame is at rest in the position
shown, with its sides parallel to the x and y axes. Each side of the frame is of
mass M and length L.

What is the torque T about 0 acting on the frame due to the magnetic field ?

Magnetic field :
§=Bcos45°i+Bsin45°j g
A G+) 5 R
==l
/2 J

Magnetic moment:

4 3455

Ve



A rectangular coil of size 3.0 cm x 4.0 cm and having 100 turns, is pivoted
7 about the z-axis as shown. The coil carries an electric current of 2.0 A and a
H magnetic field of 1.0 T is present along the y-axis, Find the torque acting on
. the coil if the side in the x-y plane makes an angle 6 = 37° with the x-axis.

Solution :
Magnitude of the magnetic
moment :

U =niA
— 8723 - X = Am?
e 100 /¢ 100 /e
= — Am?
s Zorra

i=20A4

o1

The magnetic moment in vector form:

i = pcos53°i = psiihos

o S G

e

Magnetic field: B = |B]j=1j
The torque |53 7

S ] %i—%j)xlj
g e

e B o

H G

e g

x-y plane (Top view)

[ IZ| = 0.14 Nm ]




@ Revolving Charged Particles

Revolution of charged particle constitutes a current.

g Oeedlo
Current: == =er /
. - s Q(l) D) II
Magneticmoment: pu=iA=|—|nR* @
21 A
= 1
Angular momentum: L = mR?’w ® B
\
Pl




Gyromagnetic Ratio

Magnetic Moment of Gyromagnetic Ratio
rotating charged particle
e qur _ M q _ totalcharge
e y_L_Zm_Zx total mass

Angular Momentum of
rotating charged particle

L'=mvr
Note:

This ratio is a constant for all rotating uniformly charged
bodies.

This result is used for calculating y for various charge
configurations.



-

L

st q.m
i+++++++++++
V ——
i 1

For any rotating charge
distribution

Myt tant
L—Zm—consan
q
—S e

2m

For given configuration,

L:m_lzw _quZ

3 6

A
j
i
i
P
w

1
' m
¥ +QL+\L‘L*‘+
Vai 1 |V
t R i )
1

+ |
++~,+\ H ++
q tkbbbbt + T

For any rotating charge
distribution

M_q_ tant
L—Zm—consan
q
>M=L—

2m

For given configuration,

L =mR*w - qul?

2

Magnetic Moment of Rotating Charged shapes

A
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For any rotating
charge distribution

Jil ]
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i X 2m
q
>M=L—
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For given configuration,
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|f' Magnetic Field due to Moving Charge
P
> 2 Scalar Form Il Vector Form
v 6 I —3
e '3 vV |
(o] @
. . q q .
|_>|:ﬂqum9 E_Hoq(UXr)
4t T‘Z 2 E r3

Direction of Magnetic Field:
Uo IS Magnetic permeability of

free space . s Eliglis pesiiives S (T )

For free space Ho _ i =t ®* Ifqisnegative —™ opposite of (¥ X )
e A



g BIOT-SAVART LAW %

Biot-Savart's law is the fundamental law of the The magnetic field due to current element
magnetics.

It gives the magnetic field by a small current

i : Scalar Form: |d§| A Mo q idlsin 6
element and is based on the experimental facts. =
Vector Form: 4B = @M
6 sl
P
Note:

Direction of B is given by (d[ x #*) using
Right hand rule.
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Step: 1

Find out magnetic field
due to small current
element of wire

Steps to calculate Magnetic Field

Step: 2 Step: 3
Convert the expression Finally integrate the
of the magnetic field expression

Into one single variable
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The value of magnetic field, B is
given by:

.Uoi

=Ed(sma+smﬁ)

B

Note:
Only the magnitude of ¢ and

should be put in the above
formula.

o

Magnetic field due to Straight Finite Current Carrying Wire

Magnetic field lines of Force
due to Straight Current Wire

Right hand thumb rule

—
e
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Consider a square loop ABDC with edge-length a. The resistance of
the wire ABD is r and that of ACD is 2r. Find the magnetic field B at
the centre of the loop assuming uniform wires.

5

L ' =45;8=45;d =
From current division rule 5 = EE(Slna tsinf) | a=45;=45;d=>
. ; 2r 2.
e e N
tapp =1 i 1) 5
. % r 15 21
e Sl e s = S L El udd.y
(2rcta) e 8 Bjp = Z_;)T% (sin45° +sin45°) = 2 2_7015
Bo = Byp + Bpp + Bac + Bep 2
Bun = Bap = 8 i aL
4B BD 4B @ Ho3 (e 4 i g5ty = 2Y2Ho i
Rl Byc = =22 (sin45° +5in45") = — >
Bac = Bep = Bye © s e

Bo = 2(Bap — Bac) s
Nzl

0 =———

3 ‘e




Special Cases

a 00 “
2
Job @ of——
d d
F i :
i A
db 0 = P co
Uoia Uo i Ho i

" 4nd

B =
(2nd)Va + 4d?




Q

N =)

The B due to SikikestifcisEs
perpendicular distance, d from the
wire is:

.Uoi

B = —
At d

(sina + sinB)

QP For given case

P is on the perpendicular
bisector

a= =6 (assume)

On Perpendicular Bisector

For given configuration,

a o a
2\/ a2 V4d?+ a?

St =

/W g, i
d2 + 5

Substitute the value of sin 8, we get

Hola

5 =
(2md)Va + 4d?




| f' Semi-Infinite wire and Infinite wire

Semi-Infinite The B due to a finite

wire at a distance d is;

B B = Z d(sma+smﬁ)

For semi-infinite wire;

c;
@[1--
-

. 7T. . s
= Z,B —
Therefore,

.Uol

B =
Ard

Infinite

o]

T
™ Y
R =

For infinite wire;

Therefore, the magnetic
field at point P:

U L
B=——[1+4+1
47rd[ i

.Uol

B =
2md



A long, straight wire carries a current i. A particle having a positive
7 charge g and mass m, kept at a distance x, from the wire is projected
o towards it with a velocity v. Find the minimum separation between
the wire and the particle.

Particle move in xy plane

% 3 y
Att=0s v=v(-l) x=2x
AE=tr et — v (b= :
St : 3 LA
Magnetic ﬂeld and velocity at any x will be:
Xo
B, = —k) Ve — i — ) S
an Emcian p 2
Therefore, the magnetic force on the charged 3 l
particle at the instant of time t will be Fy
Do
Fy = qi}) X B =q (vxl == Uy]) X k)] ﬁ/lﬁy

M= m [in — Uxf]




y
> Hol A . = #ol
e >
u an[ yt = V] v 2mx k)
: N
dvy  Holq (Vy = dvy _ Hoiq (&)
o xEZZHm(?) fE dy 2mm \ x Xo .
vi=vi+v, = [vxdvx vy duy ] o l p
26 ,// -
,/ FM
e A
PEa=170 —
v 2 o : l%
D AT
U= —1d—vj
_27Tm?7
Xmin = Xo€ Hoql




p Force between two parallel current-carrying
LJ straight conductors

Magnetic field at a distance d from current
carrying wire i, :
Holy

B;(d) = i

Force on element dl in the current carrying
wire i, :

dF = i,d[ x B,

i
dF = (i,dl) <%>

Interactive magnetic
=) force between two
current carrying parallel

ar _ Holglz
dl ~ 2nd

wire per unit length

e Ldl

I i)

ar _ Hollp
dl ~ 2md

A

Gurrenteinsame diraction Currentsin opposite direction

'\, REPULSION

\ ATTRACTION
SR | —



2m

10
e

Two long, straight wires a and b are 2.0 m apart, perpendicular to the plane of the
paper. The wire a carries a current of 9.6 A directed into the plane of the figure.

The magnetic field at the point P at a distance of % m from the wire b is zero.

(@) The magnitude and direction of the current in b.
(b) The force per unit length on the wire b.

(a) the magnitude and direction of the currentin b

********* ol Bo i g
aS a a
' =Bl ==Ll =+ gl =1gh
2m (2 +ﬁ) I o

| (b) The force per unit length on the wire b.
5 b@ d_F=#0i1i2

dl 2nd
y*—i—B’z dF 4m 1077 dr
H P ep AR ) (9.6 x 3) ST 29 Xx107°* N/m

E

=34 @]

2Zm




Two long wires, carrying currents i; and i, are placed perpendicular to
7 each other in such a way that they just avoid a contact. Find the

distance [ from the first wire.

The magnetic field at the location of dl due to
the first wire is,
Mol

31(1)_ 27l /

Therefore, the magnetic force on a small length
dl of the second wire situated at a distance 1
from the first wire is given by,

O

L1

magnetic force on a small length dl of the second wire situated at a

A 4

dF = i,dl X B,

N

2l

i ﬂoilizdl
[ e 2l }

dF = (i,d) (“O 1)

o



(b) If the central wire is displaced along the z direction by a small
7 amount and released, show that it will execute simple harmonic

- motion. If the linear density of the wire is 4, find the frequency of
' oscillation.
Magnetic force between two current AF e < L > < d >
- - i FF=—=— (o] r (o]
carrying parallel wire per unit length (F)) L= g 7 X
F,
Net force'on wire Blis (Faee) (5 E o — 2l Guos ) - 5 = 2
P2
Uol e F, 010 A
oo P ZZ)Z Restoring In nature
(Z<<dt =8 d- T 2= ~—¥ic) B,
22
Hol :
Free = a2 wec i e Z
dNmA 2T
dF = F,o;(dl) =dma=21dla
2 { Ho
Mol e = P
2 T e a) J i

(=Ve indicate restoring)



Two long conductors, separated by a distance d carry current I; and I, in the
same direction. They exert a force F on each other. Now the current in one of
them is increased to two times and its direction is reversed. The distance is also
increased to 3d. The new value of the force between them is

e L1
Initially potoliz,
2T

d
_ e ' F’
Finally F'=§—;%L —>F I:— E— —>
d 3d
.F'_ 2 PR < >
T
AL AL AL 21, Y
2F
R
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@ Magnetic Field due to a Circular Loop of Current

The current in the coil is in | ® Magneticfieldat Pdueto | ® Due to circular symmetry of

clockwise direction. an elementdl: the coil, magnetic field at P
The plahe of the screen is axial plane 1, idl sin 90° is,
of the circular loop. dB:= et
; 47> it 2 :
At the top most point of the loop, Be— dB sin a

current goes into the axial plane. L (uoi(dl)>

o[ (7))

At the bottom most point of the A7rr2
loop, current comes out of the axial
5 s )
plane. ®* Net magnetic fieldat P : g
; T
A B = JdB sin a Uoia?
& dB dB cosa B =) 0
Aheay \ 2(d2 + a?)3/?
i1 |2 i
| | a5 sing «r- NP Magnetic field at the centre of current carrying circular loop:
| d dBsina "_,,-”;/3
| / ;
Y s . Hola® d=0 - Uol
d{-’— ] dB d,’;/cnm‘( Z(dz + a2)3/2 o Za



% Magnetic Field due to a Circular Loop of Current

The magnitude of magnetic field at o Ho\:r 2
—

an axial point far off the centre of a B = ﬂoli —) e (47r) Ly

uniformly charged circular loop : 2d d®

The magnitude of electric field at an axial point far off the _2Kp

centre of a uniformly charged circular loop : e

1,
47'[50

e — of electric field

Z—; of magnetic field

i(ra?) = Magnetic dipole moment
of the circular loop

p = Electric dipole moment
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A circular coil of 200 turns has a radius of 10 cm and carries a current of 2.0 A.
Find the distance d from the centre along the axis of the coil where the field B
drop to half its value at the centre. (¥4 = 1.5874...)

?

The field at point P due tothe coil: B, = Boliley
e PR (e :
Ni 5
The field at the centre of the coil: B, = M;a " P

According to question :

B, = 7‘3 d? = (1.5874 — 1) x 100 cm?
a’ 1 d? = 58.74 cm? =

(dZ+a?)*/?  2a
(d? + a?)? = 4a® d =766 cm

(d? + a®) = V4a?

d? = (V4 - 1)a?



Two circular coils of radii 5.0 cm and 10 cm carry equal currents of 2.0 A. The coils
have 50 and 100 turns respectively and are placed in such a way that their
planes as well as the centres coincide. Find the magnitude of the magnetic

field B at the common centre of the coils if the currents in the coils are in the
same sense.

Solution : o
Net magnetic field at the centre: P
Magnetic field at the centre of a coil of radius a :

having N turns and i current is : ; B B -
:uONl i § ::uOnl (_’\) MO(Zn)l( A) .;:”77’ > E
2a | 2a 220 \> \T{i =
The sense of current through the coil gives the E T D —j
direction of magnetic field along —ve z-axis i.e,, along | B = > = ) (2 (— ) ’
— k for both the coils. ! a.ll i (2a)
| = 0 ~
Magnetic field due to coil 1: ket T (-k)
HoN1iy | - - R
i ne. = —4(—
2a, ( ) ? B:“Oa (—k) B =8t x 10 ( k) Tesla
Magnetic field due to coil 2 : | L (rx1077)x50x2, .
= ,uonzlz( ) | lé) — 5% 10-2 (_ )

2a,



A circular loop of radius R carries a current I. Another circular loop of radius
r (K< R) carries a current i and is placed at the centre of the larger loop. The

planes of the two circles are at right angle to each other. Find the torque
acting on the smaller loop.

The radius of the smaller loop is so small compared to bigger loop that the

magnetic field through the smaller loop due to the bigger loop is assumed
as uniform.

Torque acting on the smaller loop :

o ()]

> N

=[x B = [i(nr?)(=))] x

”'y

N

Uomilse
2R

§\‘

=

(=1

4



@ Magnetic Field due to an Arc at its Centre

Magnetic field at the centre of a current
carrying circular loop :

[
5 e

2R
A circle makes an angle 2r at its centre. \

C
Apply unitary method :
6 =2 —> B=&
2R
1 (pol
=1 —— B=—rI/—
i 27T<2R> o _ 0 (o
¢~ 2m\2R

_¢ Kol 2
Y=0 B_Zn 2R




Ve

Figure shows a current loop having two circular arcs joined by two
° radial lines. Find the magnetic field B at the centre 0.

The point 0 lies on the straight line extending from wire
DA and CB. l

Magnetic field at point 0 due to wire DA and CB is D C
zero.

Magnetic field at point 0

Due t DC e T
ue to arc DojEsEmlise
Due to arc BA B —i “—Oi O)
B
Ty Sk ; s Ul 1 1
®* a<b = —>- mp Netmagneticfieldat pointo: B e
are b 4 la b
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along NP, find its instantaneous acceleration.

=

Fn _ Q3 xB)

® The acceleration of the particle: g =
m m

® Thecircular arc MN subtends an angle 120° = 2?” at peinisEerser
magnetic field at P due to arc:

i (Mol/ZR) 2 ot
ety © )

® Magnetic field at P due to the straight wire NM :

- Kol 7, it e ds V3ui
Bstraight wire = 47 (R c05 60°) [sin 60° +sin 60°] ® = B iaignewine— Tl’g

(=k)

® Thenet magneticfieldatP: ¢ The velocity of the particle at P :

B = Bstraight wire T Barc

ﬁzgﬁ+fm

¥ =1vcos60°l+ vsin60°]

A wire loop carrying a current i is placed in the xy plane as shown. If a particle
with charge + Q and mass m is placed at the centre P and given a velocity v

S <

Ve

® The acceleration of the particleat P :

a:%@z

[d

= _ Qv \
xB)—E<§(L+\/§])><
_ Qo iyl " 3V3

m 6R

T

Kol |1

R

V3

6

2T

)



Moving Coil Galvanometer

3

The moving coil galvanometer consists of a coil, with many turns, free
to rotate about a fixed axis, in a uniform radial magnetic field.

® A current carrying coil acts as a magnetic dipole. So, when it is i
placed in an external magnetic field, it will experience a torque and N
hence, it will rotate. by et

®  The coil is wrapped on a cylindrical soft iron core which enables the
field to remain radial in all position of the caoil.

® Thefield remains parallel to the plane of the coil at all positions. So,
angle between area vector of the coil and the magnetic field vector

ISFOE=_008
® Torque on the coil : N
— |
T=UXB [ n = No. of turns in the coil -
fi , N
= (ni/i)) X B A ="Area ofitiie ol
| ’
B I Soft iron
|7| = niAB sin 8 = niAB I 6 = Angle between area vector of the coil and the core
|
|

magnetic field vector



Moving Coil Galvanometer

An indicator is attached with the coil, and it gets deflected as the coil

rotates.
The coil will keep on rotating as long as current exists through it and
indicator will not come back to its original position even if the current

is made zero.
As a remedy to this problem, a spring Sp is introduced.

When the indicator turns, spring gets coiled and produces a restoring
torque.

The spring Sp provides the restoring torque 7z = K¢ that balances the
torque due to magnetic field 7 =niAB, resulting in a steady angular

deflection ¢ of the indicator.

In equilibrium :
K¢ = niAB

K

lznAB



Gauss’s Law

Statement:

The flux of the net electric field through a
closed surface is equal to the net charge
enclosed by the surface divided by &,,.

Mathematical form of Gauss's law :

¢ = fE-dS =€;: = E is due to all charges.

The closed surface or the periphery of a
volume on which Gauss's law is applied
is known as the
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@ Ampere’s Circuital Law and Sign Convention

Line integral or circulation of
B along a closed loop :

% E-dl = .Uo( Ienciosed )

Uy = permeability of free space

Fold your right-hand’'s fingers \v\
G

along the integration path, then
the erect thumb gives the
positive current direction.
Z




—

Find out line integral of B.dl for the given loop?

Top View
A
: . I4
iy \(13
> 1 s :




Validity of Ampere’s Law

Ampere’s law is useful in cases of highly symmmetrical current distribution.
Examples:

Infinite long wire lgle Solenoid Toroid

(Thin & Thick)




iy

Application of Ampere's Law

Magnetic field due to long straight
current carrying wire

§ B.dl = po(3D)

Top View

= B(2nd) = uyl

3| ot
|B|_2nd




A long, cylindrical wire of radius b carries a current iy distributed uniformly
7 over its cross section. Find the magnitude of the magnetic field at a point
¢ inside the wire at a distance a from the axis.

Applying Ampere's Law

§ B.dl = po(3D)

Lo 1 \

j [
— 5P — iy <W X na2>

D I,loia
= B(a<b) = b2




P

A thin but long, hollow, cylindrical tube of radius r carries a current i along its
length. Find the magnitude of the magnetic field at a distance g from the

surface.

(a) inside the tube (b) outside the tube

(a) Inside the tube

T Applying Ampere’s Law g

[i jﬂﬁ.df=u0(21) ____________ l
T2 ? ______
- [ T

2nr a
=B <T> = f1o(0)

= B(inside) =0

(b) Outside the tube

Applying Ampere's Law

fﬁ.dh oD

=B (2” s Br) = @

£ Mol
3nr




Consider a coaxial cable which consists of an inner wire of radius a surrounded %
by an outer shell of inner and outer radii b and ¢ respectively. The inner wire
7 carries an electric current iy and the outer shell carries an equal current in
H opposite direction. Find the magnetic field at a distance x from the axis where,
(@) x < a(Assume that the current density is uniform in the inner wire and
also uniform in the outer shell )

(b) a <x < b (Assume that the current density is uniform in the inner wire
and also uniform in the outer shell )

(@) x<a

Applying Ampere's Law (bifar<ier="h Applying Ampere’s Law

fﬁ.dhuo@) ?gﬁ-di=#o(zl)

[ = B(2 — A
= B(2mx) = ug <n—22 X nx2> (2mx) = polio)

: [
Holo =>B(a<x<b)=m
> 2 X 27X
na

Biltvt=cio)—




Consider a coaxial cable which consists of an inner wire of radius a surrounded by
an outer shell of inner and outer radii b and ¢ respectively. The inner wire carries an
electric current i, and the outer shell carries an equal current in opposite direction.
Find the magnetic field at a distance x from the axis where,

(c) b < x < c(Assume that the current density is uniform in the inner wire and also
uniform in the outer shell )

(d) x > ¢ (Assume that the current density is uniform in the inner wire and also
uniform in the outer shell )

Applying Ampere's Law

Applying Ampere's Law R
§ B.dl = uo(ED)
§ B.dl = uo(ED)

= B(2mx) = uq (io — i—o_ X m(x? — b2)>

Hoio(c? — x?) ]




T

Cross section of a large metal sheet is carrying an electric current along
its surface. The current in a strip of width d/ is where K is a constant.
Find the magnetic field at a point at a distance x from the metal sheet.

By
e
BE \\\ - - o = =g - - -
fB.dl +fB.dl +7€B.dl +7€B.dl = 100
P 5% S
12 23 34 41
£ >
dl dl
= Bl+0+Bl+0=p,(QKdl)
B AR, )
1
: = 2Bl = uyK(QQ.dl)
:
l : K
: B=‘u0_
______ o5 B 2




P
Two large metal sheets carry surface currents as shown. The current
through a strip of width d!/ is where K is a constant. Find the

magnetic field B at the point and

P = _ o7 _ MoK
B_l)‘ .—'B_z) Pl =

At point P
Q B Bpet =0

e ;

B, At point R
Bpet =0

R At point Q

|Bret| = toK



A long, straight wire of radius a carries a current distributed uniformly
over its cross section. The ratio of the magnetic fields due to the wire at

distance % and 2a, respectively from the axis of the wire is

JEE Main
(a) Inside the tube A E
'—r—} Suppose current density is | :
[ i Applying Ampere’s Law - 3
s 2
R 3€B.dl=u0(21)
i

\\l,
| =

- o Zrai wa?
S e\ on
[ B(inside) = /,106]a J @ 2
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ann NAA RARR
B 'S\ (AR | {1
4 ,‘\E« ) ¥y l | v J) j

N S
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Solenoid

The solenoid is a composition of infinite number of rings
provided the distance between each ring is very small.

It is used to produce uniformm magnetic field.

P is a point on the axis of the solenoid.

Magnetic field at P due to elemental ring

ioR?
i Holg

3
2(R% + x?)2
Let n = number of turns per unit length

dN
n=—
dl ) y)
' AN | . i oni(dx)R
lO=N(l)=de1 = (ndx)i

3
2(R% + x?%)2
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@ Ideal Solonoid and Magnetic Field at an axial point P

Honi

e . B = [cos 6, + cos 6]
e 2
P

A solenoid can be called as an ideal

< [>R > solenoid if the following conditions are
satisfied:

(05 = e s e ®* [ >» R = long solenoid

P

([ J

n = N/lis a very large number

= wire is very closely wound.



@ Ideal Solenoid %

A solenoid can be called as an ideal solenoid if the following
1> R conditions are satisfied:

g sy 1»R=>long solenoid

® n=N/lisaverylarge number
= wire is very closely wound.

Magnetic field on the axisof = For any point P on axis,

>R ;
e et g a solenoid:

0, = 0° and 6, = 0°

JRagils Uit ni
BN e PR TR D VR e [cos 6, + cos 6, ]
: : = B = ——[cos 0° + cos 0°]
For ideal solenoid, [ > R. y

B = ‘Llonl



@ Ideal Solenoid: Field at the end point on axis

Magnetic field on the axis of a solenoid:

ni
= MOT [cos 8, + cos 6, ]

& N
< >
'

R GAD T oD

I = 6, = 90° and 6, ~ 0°

At the end point on axis,

ni
= MOT [cos 0° + cos 90°]



@ Ideal Solenoid-Ampere’s law

Consider ABCDA as Amperian loop.

Divide the loop in parts to write

field individually.

3@5 di| = fﬁ.ii =0
1AB DC

fﬁa’ =Bl [+ B I di]
4AD

fﬁa =0 [~ §outside:0]
4AD

-

-

[+ B Ld]

—: = | =g 7
B 1dll & B 1dl
i B0
______ ) -
{5 I B
e

Using Ampere’s law,

fﬁa
ABCDA
=0+ 0+Bl+0 = pyNi

= Holin
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wind 400 turns solenoid of a radius of 1.0 cm and length 20 cm. Find
the emf of a battery which when connected across the solenoid will
cause a magnetic field of 1.0 x 107% T near the centre of the solenoid.

A copper wire having resistance 0.01 ohm in each meter is used to
@

Eoit dR e
Solution: = — (N)(2rr) 1=R—

. i N £
i <7> ((dR) (Zm")(N))

au
_ (4m x 1077)(e)(10)
= (10 s (&

=3

— (2




A tightly-wound solenoid of a radius a and length [ has n turns per unit length. It carries
7 an electric current i. Consider a length dx of the solenoid at a distance x from one end.
H This contains n dx turns and may be approximated as a circular current in(dx).
: (@) Write the magnetic field at the centre of the solenoid due to this circular current.

Integrate this expression under proper limits to find the magnetic field at the centre of
the solenoid.

Here, Elementary magnetic field is

2 s (ni) (dx)a’ :
[ 7 in(dx) ! 2\2
"""""""""""""""""""""""""""" PG 2 <a2 + (7 e x) >
qpie oni (dx)

3

2 <1 +(5 jx)zf




Let's integrate both side

—Nh— jl MOni (dX) (l : )
(0] a\l — 2zx

[ — 2x\? =
2a<1+< Zax> ) = V(= 2x)? + 4a?

> 1 =i—w s

N W

Leii=
(I — 2x) = 2a tand S UoTi | a(2x —1)
Lo g 2 p)
dx = —a sec?6 (d6) V(- 2x)? + 4a 0
ek j _ asec? 0 (d9) b uni[  al (—al)
3 = = -
(1 +tan?0)2 2a |VIZ+4a2 12 + 4q2
= —a/ cosb d6 I poni|  2al ]
2a |VI2 + 4a?



~ Atightly-wound solenoid of a radius a and length [ has n turns per unit length. It carries an
electric current i. Consider a length dx of the solenoid at a distance x from one end. This
contains n dx turns and may be approximated as a circular current in(dx).

(b) Verify that if [ » a, the field tends to B = pyni and if [ «< a, the field tendsto B =

ni nil
o Ho o Ho
2a g
1+(l) Do (Za)+1
. 2a f .
Case:l > a Th 0 B = pgni
l f -
Case:a > 1 — >0 — Honil
Za L Za

|

uonll
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/

® Using Ampere’'s circuital law,

§ B.dl = o i
poNi .
=B = =
[ 21r Homt ]
® Here,

N = Total number of turns

Magnetic Field due to a Toroid

Ampere's Loop

Ve



A toroid has inner radius 25 cm and outer radius 26 cm, with the 3500
turns and 11 A current flowing through it. Find the magnetic field in

the regions (1), (I1I) and (I11).

By =B =0

PV RG
£ )

For exact calculation use 25.5 cm

=2 5:5cm

For approx. calculation use 25 cm
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Bsolen

A tightly-wound, long solenoid carries a current of 2.0 A. An electron is

found to execute a uniform circular motion inside the solenoid with a
frequency of 1.0 x 108 rev s~1. Find the number of turns per meter in

the solenoid.

oid = Honi

mv
= qB

5 2mR > 2mm

v qB

_ quoni
= 2mm
i (1.6 x 1079 (4 x 10°7)(n)(2)

2m(9.1 x 10-31)

== APl

=>n = 1420 turns m~
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