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Magnetic Effect of Current
SECTION |

The magnetic field:

Magnetic field is the region around the moving charge in which magnetic force is
experienced by the magnetic substances.

Magnetic field is a vector quantity and also known as magnetic induction vector. It is
represented by B

Lines of magnetic induction may be drawn in the same way as lines of electric field.

The number of lines per unit area crossing a small area perpendicular to the direction of
the induction being numerically equal to B.

The number of lines of B crossing a given area is referred as the magnetic flux linked with
that area.

For this reason, B is also called magnetic flux density.

The unit of magnetic field is weber/m? and also known as tesla (T) in SI system

BIOT-SAVART LAW:

Biot and Savart conducted many experiments to determine the factors on which the
magnetic field due to current in a conductor depends. The results of the experiments
are summarized as Biot-Savart law. Let us consider a conductor XY carrying a current |
refer figure

AB = dl is a small element of the conductor. P is a point at a distance r from the midpoint O
of AB. According to Biot and Savart, the magnetic induction dB at P due to the element of

length dl is

(i) directly proportional to the current (l)

(i) directly proportional to the length of the element (dl )

(iii) directly proportional to the sine of the angle between dl and the line joining element

dl and the point P (sin 6)

(iv) inversely proportional to the square of the distance of the point from the element

(1/r?)
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K is the constant of proportionality; its value is p /4m.
Here p is the permeability of the medium. Value of K for vacuum is 10”7 wb/amp m.
25 = H Idlan 8

2

a5

db =K

dmx  r
K = Ur Lo Where L is the relative permeability of the medium and o is the permeability of

free space. Wo = 41t x 10-7 henry/metre. For air pr = 1.

So, in air

25 = ﬂIdl s;n g
dx  r

In vector form,

i =&Idl3><r
dx r

o

iE =ﬂldlz><r
da

The direction of dB is perpendicular to the plane containing current element Idl and r
(i.e plane of the paper) and acts inwards.
The unit of magnetic induction is tesla (or) weber m?*

Field due to a Straight current carrying wire

(i) When the wire is of finite length

Consider a straight wire segment carrying a current | and there is a point P at which
magnetic field to be calculated as shown in figure.

This wire makes an angle of a and B at that point with normal OP. Consider an element of
length dx at a distance y from O and distance of this element from point P is r and line
joining P and Q makes an angle 8 with the direction of current as shown in figure.

O —X——dx
Using Biot-Savart Law magnetic field at point due to small current element is given by
Lol [ dxsin & ]

dB="1 -
A7 F

As every element of the wire contributes to B in the same direction, we have
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5= ,u,:,f)[ [a"xsmﬂ]
....eq(1)

From the triangle OPQ as shown in figure, we have
x=dtan¢

Or dx=dsec’d d

And in same triangle r =d sec ¢ and 6 = (90° — ¢)
Where ¢ is angle between line OP and PQ

Now equation (1) can be written as

B=,{4JI ]. rc;t’ seczgﬂ{;ﬁsin(%—{p}‘
4 2
T \ [dsecgﬁ) )
B_,MUI } (. svzn:g.:?qu‘:::t‘.:;c'}sin|:9l3—.:;e:?j‘I
4 7
A L (d sec ) )
5= pf 5 [dgoos @
4 _l; L i

_ Al T
A7td Jﬁ (o i)

_ My

relde

=,qu _ :
g 4ﬁd[51nﬁr+s1nﬁ]

Direction of B: the direction of magnetic field in determined by the cross product of the
vector Idl with vector r

Therefore at point P the direction of the magnetic field due to the whole conductor will be
perpendicular to the plane containing wire and point P or perpendicular to plane of paper
and going into the plane

Case (I) when point P is on perpendicular bisector

In this case a = B using equation

B =ﬁ[5in&+5in ,8]

Y
B —E[sm&]

From figure

PHYSICS NOTES

www.spiroacademy.com




PHYSICS NOTES www.spiroacademy.com
L

Case (Il) when point P is at one end of conductor
In thiscasea=00orB=0
From equation

B 4ﬁd[s1n&+s1nﬁ]

sin e =

Haf

[sin a.’]

From figure
L

SN GE = =
P+g?

Case(lll) When wire is of infinite length

In this case o= B = 90°

From equation

B =%[sin&+5in ﬁ]

B =L 16090 +6in 90]
4

B = Hol
2md
Case(lV) When the point P lies along the length of wire ( but not on it)
If the point is along the length of wire ( but not on it) , then as vector dl and vector r will
either be parallel or antiparallel i.e 6=0 or m,
From equation

I:f‘g=il-::1ls;n-:5‘
dar F
ch=ﬁId152mD
4 F

dE =0

Solved Problem
Q) A along straight conductor is bent at an angle of 90° as shown in figure. Calculate the
magnetic field induction at A
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Solution:
For each portiona=45and f =90.
From formula for magnetic field at a point

B =%[sin&+5in ﬁ]

B =L [0 45+ 6in 90]
4

_aif

—+1
drd |N2 ]
! [N2+1]

Amd | 2

Each horizontal and vertical wires will produce same magnetic field at A and there
directions are also same thus total field at A is

JE+1

B =2><
dred

2+1
Efm‘

Q) A long straight wire carrying current produces a magnetic induction of 4 x 10°T at a
point, 15 cm from the wire. Calculate the current through the wire.

Solution:

B=4x10°T,d=15cm=0.15m

From formula

_ Al
2amd
;e B(2md)
I
I=4><m-ﬁ><2;:r><0.15
A 107
I=34
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Magnetic field at an axial point of a circular coil

Consider a circular loop of radius R and carrying a steady current |. We have to find out
magnetic field at the axial point P, which is at distance x from the centre of the loop

X-axis is taken as along the axis of the ring.

Let the position vector of point P with respect to an element dl be r . The magnetic field dB
at point due to current element Idl is in a direction perpendicular to the plane formed by
dlandr.

T dBcos ¢ }
©Idl .
i P
i » dBsind
X .
& Y dB

Magnetic field at point P due to current element Idl is given by

d—*=ﬂi|ﬂ:r‘
4 oF

Since angle between Idl and r is 90° we get

P R

drr
Direction of magnetic field is perpendicular to plane containing dl and r as shown in figure
If ¢ is the angle between r and X, then from geometry of figure, component of dB along Y-
axis will be dBcos¢ and dBsind will be along X axis.
For all point on the circular coil there exists a diametrically opposite point such that
magnetic field produced at point P cancels Y-component of first one thus resultant
magnetic field at P is summation of X-component at P
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B =Id35in¢?

‘I'E sin ¢

_ R
fn g =—
r

R

NP = ———
R+ xg

fdi

7 Jr

IRg+x \(R + 5
i o IRdI
ET‘I‘(RQ+E)%

4 IR 22
5 ET(RMX:;)% Jcﬂ

i
p=f__ = (21R)
43?-(1?.2 +x2)

2
5=t IR

2 (Rz+x2)§‘§

Case (l) If the coil has N turns then
M NIR?

P . %
2 (R:: + xz)

Case (Il) Field at the centre of ring
In above equation x =0
p -4 VX
2 R
_ M
2R
Case (lll) Magnetic field at the centre of a current arc

0

Form the equation for magnetic field at centre of coil. N is number of turns
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2rt=1turn
~ 8 =0/2n turn s replacing value of N we get
gl €
2R 2
If I is the length of arc then | = BR above equation becomes
gt 11
2R 2R
B - #ﬂf‘z
AR

Direction of magnetic field B for circular loop

Direction of magnetic field at a point the axis of a circular coil is along the axis and its
orientation can be obtained using the right-hand thumb rule. If the fingers curled along
the current then stretched thumb shows direction of magnetic field.

Magnetic field will be out of the page for anticlockwise current while into the page for
clockwise current

Solved Problem
Q) A circular coil of 200 turns and of radius 20 cm carries a current of 5A. Calculate the
magnetic induction at a point along its axis, at a distance three times the radius of the coil
from its centre
Solution:
N=200,R=0.2 m, | =5A,x=3R
From the formula

4 MNIRF
TN
2 (Rz+x2)
& NIR?
S T ok
(R*+9R*)
p-to M
2 104 g
p-_t4M
2010
p o Amx107 X 2005
20,10 %0.2
B=99x%107T
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Q) A circular loop is prepared from a wire of uniform cross section. A battery is connected
between any two points on its circumference. Show that the magnetic induction at the
centre of the loop is zero

Solution:
Magnetic field at centre due to arc is given by

Both magnetic fields B1 and B, are in opposite directions
Let R1 be the resistance of arc ACB and R be the resistance of arc ADB since potential
across both the resistance is same thus
I1R1 = 12R> eq(l)
We also know that resistance « length of wire
And lenth of wire ACB =r0
Length of arc ADB = r(2mt —0)
Thus if p is resistance per unit length then
Ri=prBand R, =p r(2rn-0)
Thus equation (1) becomes
lipr@=1pr(2n-0)
l1 0 =1 (2n-06) eq(2)
Now total magnetic field at centre
B = A4 8 ki (27 -8
2R 2w 2R 27
Jrom eq(3)
p-th @ _4h 8
2R 2w 2R 2w
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Q) A charge Qs uniformly spread over a disc of radius R made from non conducting
material. This disc is rotated about its geometrical axis with frequency f. Find the magnet
field produced at the centre of the disc.

Solution:

Suppose disc with radius R is divided into the concentric rings with various radii,
Consider one such ring with radius r and thickness dr.

Total charge on disc = Q, charge per unit area p = Q/mR?

-~ The charge on the ring with radius r = ( area of the ring ) (charge per unit area)

q = (2rrdr)( Q/mR?)

If the ring is rotating with frequency f, then current produced |

- L
1= (2mdr) 5

Rg
This ring can be considered as circular loops carrying current |
Magnetic field at the centre due to this current will be

el
2
Hy
dF =2 =_(27rd
2 7RE )T
a8 - ()
-~ Magnetic field B produced at the centre due to the whole disc
B
B = [dB = J*‘”ﬂgf dr
R
e
R
Solenoid:

When two identical rings carrying current in same direction are placed closed to each
other co-axially. It is obvious that the magnetic field produced due to the rings is in same
direction on the common axis. Moreover the lines close to the axis are almost parallel to
the axis and in the same direction.

Thus if a number of such rings are kept very closed to each other and current is passed in
the same direction.

ic

10
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The magnetic fields associated with each single turn are almost concentric circles and
hence tend to cancel between the turns. At the interior midpoint, the field is strong and
along the axis (i.e) the field is parallel to the axis. For a point such as P, the field due to the
upper part of the solenoid turns tends to cancel the field due to the lower part of the
turns, acting in opposite directions. Hence the field outside the circular coil is very less
Solenoid is a device in which this situation is realized.

A helical coil consisting of closely wound turns of insulated conducting wire is called
solenoid.

When length of a solenoid is very large compared to its radius, the solenoid is called long
solenoid. For long solenoid magnetic field outside is practically zero.

Magnetic field at a point on the axis of the a SHORT solenoid

.dX: X
Ap 0 00 0 & 6.0 66 & &6 6 & & & @b
JL U-,’Fﬂ_'_,—!—"
(i |3
R g
: -
P dB

R & & & 8 R Q& & & R & B & & R & @ &

Consider a solenoid of length L and radius R containing N closely spaced turns and carrying
steady current I. let number of turns per unit length be n

The field at point P on the axis of a solenoid can be obtained by superposition of fields due
to large number of turns all having their centre on the axis of the solenoid as shown in
figure

Consider a coil of width dx at a distance x from the point P on the axis as shown in figure
The field at P due to ndx turns is

dx') IR
a5 =t (Hdx) IR -
2 (Rz + xj)
From figure x = R tan¢
dx = Rsec? ¢ do
On substituting values in above equation we get

11
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(MR sec? Q:tf-:;:?)ff?.g

dp = =
2 (R +Rim® )
2
dB:ﬂmfse; ‘rd{p
sec” @

g8 = %nfcosaﬂw

b= j‘ﬂnfcosaﬁaﬁ
A

£
B =%mf:[cos o

B =%m’[sin &+ sin ,8]

Case () If the solenoid is of infinite length and the point is well inside the solenoid
In this case a = B =m/2 then B is

B =ﬁm‘ sin£+sinE
2 2 2

B=panl
Case(ll) If the solenoid is of INFINITE length and the point is near one end
In this case a =0 and B =m/2

B =&mf sinlil+sinE
2 2

5=t
2

Case (lIl) If the solenoid is of FINITE length and the point is on the perpendicular bisector
of its axis
In this case a =

B =%m’[sin &+ osin ::E]
E=pnlang
L

SN =S ———
JE+4R
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Solved problem

Q) A solenoid of length 0.4m and diameter 0.6m consists of a single layer of 1000turns of
fine wire carrying a current of 5 x103ampere. Calculate the magnetic field on the axis of
the middle and at the end of the solenoid

Solution:
@@@@@dﬁ)@@@@@@l
o B R
. 1
P dB
B & & & & & & & & & & &
L

In case of a finite solenoid, the field at the point on the axis is given by
B =%m’[sin &+ sin ,8]

p= L1000 s
L 04
B =25wx107 [sin @ +sin 8]
a) Middle point a =B thus
B = 2.5nx10°%(2sina) and
. L
NG T ——=
NI+ 4R*
. L
HN G T —————
N AR L

0.4

J(0.4Y +(0.6)°

4

fn ey =

N = —

72

B = 2.5mx10°x2x(4/7.2) =8.72x10° T
b) When the points is at the end on axis
L

sin 8= —'—f 7
sin A= 2'4 =
J(0.472+(0.3)
_ 4
sin A= s
B = 2.5mx10°x2x(4/5) = 6.28x10° T
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Ampere’s Law

Consider electric currents Iy, 13, I3, 1 as shown in figure. All these current produce magnetic
field in the region around electric current.

A plane which is not necessarily horizontal is shown in figure. An arbitrary closed curve is
also shown in figure

Iy > \IS la

T

Sign convention for current:

Arrange right hand screw perpendicular to plane containing closed loop and rotate in the
direction of vector element taken for line integration. Electric current in the direction of
advancement of screw is considered positive and current in opposite direction are
considered negative.

Now from sign convention |1 and |, are positive while I3 is negative.

Hence algebraicsum > I=11 + 2 — I3

Here we don’t worry about current not enclosed by the loop

The statement of the Ampere’s Law is as under:

The line integral of magnetic induction over a closed loop in a magnetic field is equal to
the product of algebraic sum of electric current enclosed by loop and the magnetic
permeability”

The law can be represented mathematically as

(PE- i =t > 1

The magnetic induction in the above equation is due to all current. Whereas algebraic sum
of current on right hand side is only of those currents which are enclosed by the loop
This law is true for steady current.

Application of Ampere’s Law
(A)To find Magnetic field Due to a very long straight conductor carrying electric
current

Let | be the current flowing through a very long conductor. Now

P consider points like P, Q, S located at same perpendicular distance R
from wire. Since the two ends of wire at infinity and due to
symmetry of wire magnetic field at pints P, Q and S is same.

@ Thus magnetic field at all point on the circumference of circle of
radius R must be same. Or B is constant
Consider a small segment of length dl along the circumference.
Now by applying Ampere’s Law we get

14
PHYSICS NOTES

www.spiroacademy.com




PHYSICS NOTES www.spiroacademy.com

TE'E‘F:%ZI
(PB.:I’E cos8 =g f

B and ol are in same direction

PBal =l

B dl =41
B(2mR) = wf
gt L
2R
Thus Outside the conductor B o« (1/R)

Magnetic field inside the conductor
Consider a top view of conductor of radius r . We want to find magnetic field at a distance
R < r. Consider a loop of radius R as shown in figure

Let conductor carries a current | thus current through conductor of
radius R is

2
i= [ﬁ] R = ff—g
From Awpere's Law
B(27R) = pi

R

B(2rR) = pigd =
F
3=[ to! ]R

St

For inside the conductor B R

Hence for magnetic field

Bar (i) Outside the conductor B « ( 1/R)
Bo lT (i) Inside the conductor B < R

(iii)On the conductor Maximum

(iv) At end points outside conductor =0

B max

15
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(B) Magnetic field inside a LONG solenoid using Ampere’s Circuital Law

dr == gm===c

X X X XXX XXXXXXXXXXXXXXXXXXXXXX

A solenoid is a wire wound closely in the form of a helix, such that adjacent turns
are electrically insulated

The magnetic field inside a very tightly wound long solenoid is uniform everywhere
along the axis of the solenoid and is zero outside it.

To calculate the magnetic field at point ‘a’, let us draw rectangle abcd as shown in
figure.

The line ab is parallel to the solenoid axis and hence parallel to magnetic field B
inside the solenoid thus B.dl = B(dl)

Line da and bc are perpendicular thus B.dl =0

Line cd is outside the solenoid here B =0 thus B.dl =0

If i is the current and n is the number of turns per unit length then current enclosed
by the loop = ni |

From Ampere’s Law
.

[Bdl = pynit

Bl = gyl
B = pimi
Toroid:

If a solenoid is bent in the form of a circle and its two ends are joined with each other the
device is called a toroid.

The toroid is a hollow circular ring on which a large number of turns of a wire are closely
wound. It can be viewed as a solenoid which has been bent into a circular shape to close
itself. It is shown in figure carrying a current i

16
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/ /®ﬂ® @

SN
o, ©/
R e, 2%

Magnetic field at point A and B is zero as points are outside the toroid
Magnetic field at point P inside the toroid which is at distance R from its centre as shown
in figure. Clearly magnetic field at point on the circle of radius R is constant. And directing
towards the tangent to the circle. Therefore
§3-di = B(27R)
If total number of turns is N and current passing is |, the total current passing through said
loop must be NI
From Ampere’s Law
cPE- dl = NI
B(27R) = NI

_ VT

AR
B=pnl
Here n = N/2nR the number of turns per unit length of toroid
This magnetic field is uniform at each point inside toroid
In an ideal toroid, the turns are completely circular. In such toroid magnetic field inside
the toroid is uniform and outside is zero.
But toroid used in practice turns are helical and hence small magnetic field is produced

outside the toroid
Toroid is used for nuclear fusion devise for confinement of plasma.
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SECTION Il

Force on a charged particle in a magnetic field
When a charged ‘q’ moving in a magnetic field B with velocity v then force experienced by
the charge is given by
F=q(v x B)
The magnitude is given by
F =qvBsin® Here O is angle between direction of B and direction of velocity v
Direction of force is perpendicular to both Band v
The right hand thumb rule:
For determining the direction of cross product v x B, you point the four fingers of your
right hand along the direction of v, and palm in the direction of magnetic field B the curl
the fingers. The thumb is then points in the direction of v x B

F

-
+q v

If g is negative then direction of F will be opposite to direction of vx B
Important points:
(1) The magnetic force will be maximum when sin =1 = 6 = 90°
Change is moving perpendicular to magnetic field Fmax = qvB
In this situation F, v, B are mutually perpendicular to each other.
(2) The magnetic force will be minimum when sin8 =0 = 6 =0 or 180°
It means charge is moving parallel to magnetic field Fnin=0
(3) Magnetic force is zero when charge is stationary
(4) In case of motion of charged particle in a magnetic field, as the force is always
perpendicular to direction of charge work done is zero. Or magnetic force cannot
change kinetic energy of charge and speed remains constant

Difference between Electric and Magnetic field
(1) Magnetic force is always perpendicular to the field while electric force is collinear

with the field
(2) Magnetic force is velocity dependent i.e. acts only when charged particle is in
motion while electric force is independent of the state of rest or motion of the

charge.
(3) Magnetic force does not work when the charged particle is displaced while electric
force does work in displacing the charged particle.
(4) Magnetic force is always non-central while the electric force may or may not be.
Non-central force: A force between two particles that is not directed along the line
connecting them.

18
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Motion of a charged particle in a uniform magnetic field

(A) When the charged particle is given velocity perpendicular to the field:
Let a particle of charge g and mass m is moving with a velocity ‘v’ and enters at right
angles to uniform magnetic field N as shown in figure
The force on the particle is qvB and this force will always act in a direction perpendicular
to v. Hence, the particle will always act in a direction perpendicular to v. Hence the particle
will move on a circular path. If the radius of the path is r then

2
o

_=qu
F

PR

¢B

Thus radius of the path is proportional to the momentum mv of the particle and inversely
proportional to the magnitude of magnetic field

Time period:

The time period is the time taken by the charged particle to complete on rotation of the
circular path which is given by

r=

L
v g8
The time period is independent of the speed
Frequency:

The frequency is the number of revolution of charged particle in one second which is given

by
_ 1 _ g8
4 T 2w

SOLVED NUMERICAL
Q) Two particles of mass M and m and having equal electric charge are accelerated
through equal potential difference and then move inside a uniform magnetic field, normal
to it. If the radii of the circular paths are R and r respectively find the ratio of their masses
Solution:
Since charge is same on both the particles and are accelerated through equal potential
both particles will have same kinetic energy. Let p1 be the momentum of particle of mass
M and p; be the momentum of particle of mass ‘m’ thus

2P

20 2

n M

7 m

From the equation for radius r « momentum
Thus

M _(RY

7]
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(B) When a charged particle is moving at an angle to the field

In this case the charged particle having charge g and mass m is moving with velocity v and
it enters the magnetic field B at angle 6 as shown in figure. Velocity can be resolved in two
component one along magnetic field and the other perpendicular to it. Let these
components are V|jand V.

V|1 =VcosB and V. = VsinB

The parallel component V|| of velocity remains unchanged as it is parallel to B.

Due to perpendicular component V, the particle will move on a circular path.

So resultant path will be combination of straight line motion and circular motion, which
will be helical path
The radius of path:

. prosin &

B
Time period:
o
vJ_
_ 2immvsin &
 vain HaB
_ <itm
4B
Frequency (f)
_ 4B
-
Pitch :

Pitch of helix described by charged particle is defined as the distance moved by the centre
of circular path in the time in which particle completes one revolution
Pitch = V|| (time period)
pitch =voos Ezﬂ
By

2mpnecos &

By
Motion of charged particle in combined electric and magnetic

field

When the moving charged particle is subjected simultaneously to both electric field and
magnetic field B, the moving charged particle will experience electric force Fe = qE and
magnetic force Fm = g(v x B) , so the net force on it will be

F=q[ E + (vxB)] whichis called Lorentz force equation:

Case (I) when v, B, and E all three are collinear

In this situation as the particle is moving parallel or antiparallel to the field, the magnetic
force on it will be zero and only electric force will act so

pitch =

20
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gE

FH

Hence particle will flow straight path with changing speed and hence kinetic energy,
momentum will also change

Case(ll) v, E and B are mutually perpendicular

v, E and B are mutually perpendicular.

In case situation of E and B are such that

=

F=Fe+Fm=0

Then a =0, particle will move in its original without change in velocity in this situation
gE =qvB

orv=E/B

This principle is used in velocity selector to get a charged beam having a specific velocity

SOLVED PROBLEM

Q) A particle of mass 1x102° kg and charge +1.6x107° C travelling with velocity 1.28x10°
m/s in +x direction enters a region in which a uniform electric field E and a uniform
magnetic field b are present such that Ex=E, =0; E;=102.4 kV/mand Bx=B,=0, B, =
8x102 wb/m?2. The particle enters in a region at the origin at time t = 0. Find the location
(x, y, z) of the particle at t = 5x10°s

Solution

From Lorentz equation

F=q[ E +(v xB)]

F=q[102.4 x10% i + (1.28x10° i x8x102 k)]

F=q[102.4 x10%i + (-102.4 x10% i)]

F=0

Hence, the particle will move along + x axis with constant velocity 1.28x10° m/s
X=vt=6.40 m

Location is (6.4, 0, 0)

Cyclotron
Cyclotron is a device used to accelerate charged particles to high energies. It was devised
by Lawrence.
Principle
Cyclotron works on the principle that a charged particle moving normal to a magnetic field
experiences magnetic Lorentz force due to which the particle moves in a circular path.
Construction
It consists of a hollow metal cylinder divided into two sections D1 and D2 called Dees,
enclosed in an evacuated chamber. The Dees are kept separated and a source of ions is
placed at the centre in the gap between the Dees. They are placed between the pole
pieces of a strong electromagnet. The magnetic field acts perpendicular to the plane of
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the Dees. The Dees are connected to a high frequency oscillator. The whole assembly is
evacuated to minimize collisions between the ions and the air molecules. A high frequency
alternating voltage is applied to the Dees. In the sketch shown in Fig. positive ions or
positively charged particles (e.g., protons) are released at the centre P.

Magnetic field ol Deflection plate
of the paper

7 Exit Pori
- it : ‘

v
Oy ) Charged
AN ) 4 o i k particle

D, s A T,

OSCI‘_J_‘\'I‘OKI
Working

When a positive ion of charge g and mass m is emitted from the source, it is accelerated
towards the Dee having a negative potential at that instant of time. Due to the normal
magnetic field, the ion experiences magnetic Lorentz force and moves in a circular path. By
the time the ion arrives at the gap between the Dees, the polarity of the Dees gets
reversed. Hence the particle is once again accelerated and moves into the other Dee with
a greater velocity along a circle of greater radius. Thus the particle moves in a spiral path
of increasing radius and when it comes near the edge, it is taken out with the help of a
deflector plate (D.P). The particle with high energy is now allowed to hit the target. When
the particle moves along a circle of radius r with a velocity v, the magnetic Lorentz force
provides the necessary centripetal force. They move in a semi-circular path in one of the
dees and arrive in the gap between the dees in a time interval 7/2; where T, the period of
revolution

2
o

Bgv=—
r

_
By
The time taken to describe a circle

r
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It is clear from equation that the time taken by the ion to describe a circle is independent
of (i) the radius (r) of the path and (ii) the velocity (v) of the particle

So, in a uniform magnetic field, the ion traverses all the circles in exactly the same time.
If the high frequency oscillator is adjusted to produce oscillations of frequency as given in
equation resonance occurs. Cyclotron is used to accelerate protons, deutrons and

a - particles.

Limitations

(i) Maintaining a uniform magnetic field over a large area of the Dees is difficult.

(ii) At high velocities, relativistic variation of mass of the particle upsets the resonance
condition.

(iii) At high frequencies, relativistic variation of mass of the electron is appreciable and
hence electrons cannot be accelerated by cyclotron.

Solved numerical

Q) A particle having 2C charge passes through magnetic field of 4 k T and some uniform
electric field with velocity 25j. IF Lorentz force acting on it is 400 | N. find the electric field
in this region

Solution

Lorentz force

F=q[ E +(v xB)]

4001 =2 [E + 25(4) (j xk)]

400 i = 2E +200i

E=100iV/m
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Force on current carrying conductor in magnetic field

Let L be the length of the straight conductor carrying current | and placed perpendicular
to a uniform magnetic induction B
A current in a conductor is due to flow of charge

If vq is drift velocity of charge A is cross section of conductor n is density of charge per
unit volume then from equation

| = nqvdA

Now number of charges in conductor of length Lis N = nAL
The force on N charges F = BNqvd
Total force F = NnALgvy

From equation for current

F =BIL

In vector form F=1(L x B)
Where L is a vector in the direction of the current, magnitude of Lis L for the segment of
wire in a uniform magnetic field

F = ILBsin® here 8 is the angle between vector IL and B

Magnitude of the force
The magnitude of the force is F = BIL sin 8

(i) If the conductor is placed along the direction of the magnetic field, 8 = 0°, Therefore
force F=0.

(i) If the conductor is placed perpendicular to the magnetic field,

B =90°, F = BIl. Therefore the conductor experiences maximum force.

(iii) Force on a closed loop of an arbitrarily shaped conductor is zero

The direction of the force on a current carrying conductor placed in a magnetic field is
given by Fleming’s Left Hand Rule.

The forefinger, the middle finger and the thumb of the left hand are stretched in mutually
perpendicular directions. If the forefinger points in the direction of the magnetic field, the
middle finger points in the direction of the current, then the thumb points in the direction
of the force on the conductor.
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Force between two long straight parallel current carrying

conductors
AB and CD are two straight very long parallel conductors placed in air at a distance a. They
carry currents l1 and |2 respectively.

B D The magnetic induction due to current |1 in AB at a
distance a is
Ix T 1 I: B, Bl = f;"rﬂfl
inwards e eq(l
= & a(1)

> € This magnetic field acts perpendicular to the plane
of the paper and inwards. The conductor CD with

B. current Iz is situated in this magnetic field. Hence,
outwards force on a
segment of length L of CD due to magnetic field B1
is
F =BailaL
substituting equation (1)

7= [N S
2

By Fleming’s Left Hand Rule, F acts towards left. Similarly, the magnetic induction due to
current I, flowing in CD at a distance a is

B, = ol

2ma . .eq(3)
This magnetic field acts perpendicular to the plane of the paper and outwards. The
conductor AB with current |1, is situated in this field. Hence force on a segment of length /
of AB due to magnetic field B2 is

F =BaliL
substituting equation (3)

5 - Dl
2

By Fleming’s left hand rule, this force acts towards right. These two forces given in
equations (2) and (4) attract each other. Hence, two parallel wires carrying currents in the
same direction attract each other and if they carry currents in the opposite direction, repel
each other.

Definition of ampere
The force between two parallel wires carrying currents on a segment of length L is

7= [N S
s
Force per unit length of the conductor is
£ _fhh
L 2T

Ifli=l2=1Amp,a=1mThenF/L=2x 107
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The above conditions lead the following definition of ampere. Ampere is defined as that
constant current which when flowing through two parallel infinitely long straight
conductors of negligible cross section and placed in air or vacuum at a distance of one
metre apart, experience a force of 2 x 10”7 newton per unit length of the

conductor.

Solved Numerical
Q) As shown in figure very long conductor wire carrying current |1 is arranged in y
direction another conducting wire of length | carrying current |, is placed along X-axis at a
distance a from this wire. Find the torque acting on this wire with respect to point O

A

a ,
-t
Iy to °* B
2
Solution:

We can consider wire of current I, is in the magnetic field produced current |1
The force acting on a current element l,dx located at a distance x from O is,
dF =lhdx1xB
Here B is
I -
3= ()
25T
This
dF = fzdﬁx@(—é)
2mx
JF = ;{]flfgcfx:}_
2T
The torque acting on this element with respectto O is
dt=xi x dF
 Hobdsdr
2

dT=x

a7 =Hhh g
27
Total torque acting on this coil can be obtained by taking integration of this equation
betweenx=0tox=a+|
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+=%Ilfz[cz+f—cz];c
25T
P Hodid p
27

Q) A straight wire of length 30cm and mass 60mg lies in a direction 30° east of north. The
earth’s magnetic field at this is in horizontal and has a magnitude of 0.8 x10T. What
current must be passes through the wire so that it may float in air? [ g = 10 m/s?]
Solution:

F = BlLsinB®
This force will act upward should be equal to downward force of gravitation = mg thus
mg = BILsin®

m = 60x10°Kg , B= 0.8 x107T, L = 30x102, 6 = 30°, g = 10 m/s?
60x10°%x10 = 0.8 x10™ x (1) x 30x102x (1/2)
[=50A

Current Loop in uniform Magnetic field

Let us consider a rectangular loop PQRS of length / and breadth b (Fig 3.24). It carries a
current of | along PQRS. The loop is placed in a uniform magnetic field of induction B. Let ©
be the angle between the normal to the plane of the loop and the direction of the
magnetic field. Force on the arm QR,
F, S Force on the arm QR,
7 =I1[QR)xB
0 B F, Since the angle between I(QR) and Bis (90°-6),
Magnitude of the force F1 = Blb sin (90° — 6)
AB ie. F1=Blb cos ©
Force on the arm SP,
I 1 F, =1{SP)xB
Since the angle between I(SP) and B is (90° + 8),
> Magnitude of the force F, = Blb cos 0
The forces F1 and F; are equal in magnitude,
opposite in direction and have the same line of
0 action. Hence their resultant effect on the loop is
zero.
Q E Force on the arm PQ,

_— @ —

F =i(PO)xB
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Since the angle between [(PQ) and B is 90°,
Magnitude of the force Fz = BIL sin 90° = BIL
Fs acts perpendicular to the plane of the paper and outwards.

Force on the arm RS,

_ —

F, =1(RS)<B
Since the angle between I(RS) and B is 90°,
Magnitude of the force F4 = BIL sin 900 = BIL
Fa acts perpendicular to the plane of the paper and
F. inwards.

The forces F3z and F4 are equal in magnitude, opposite in
direction and have different lines of action. So, they
constitute a couple. Hence,
Torque = BIL x PN = BIL x PS x sin © = BIL x b sin © = BIA
N sin©
If the coil contains N turns, T = NBIA sin 6
So, the torque is maximum when the coil is parallel to the
magnetic field and zero when the coil is perpendicular to the magnetic field.
The torques can be expressed as vector product of the magnetic moment of the coil and
the magnetic field. We define the magnetic moment of the current loop as, m=N A
where the direction of the area vector A is given by the right-hand thumb rule and is
directed into the plane of the paper in Figure. Then as the angle between m and B is 8
T=mxB
The dimensions of the magnetic moment are [A] [L?] and its unit is Am?Z.
From equation we see
(i) the torque t vanishes when m is either parallel or antiparallel to the magnetic
field B.
(ii) This indicates a state of equilibrium as there is no torque on the coil (this also
applies to any object with a magnetic moment m).
(iii)  When m and B are parallel the equilibrium is a stable one. Any small rotation of
the coil produces a torque which brings it back to its original position.
(iv)  When they are antiparallel, the equilibrium is unstable as any rotation produces
a torque which increases with the amount of rotation.
(v) The presence of this torque is also the reason why a small magnet or any
magnetic dipole aligns itself with the external magnetic field.

F,
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Solved Numerical

Q) The arrangement is as shown below
(a) Find the potential energy of the loop
(b) Find the work done to increase the spacing between the wire and the loop a to 2a

»-

Al

—— ] ———— b‘—ﬁ

Solution:

(a) Magnetic field produced due to wire carrying current |1 is inversely proportional to
distance thus magnetic field associated with loop is not uniform. Consider small area
of width dx and height L

Magnetic moment of a small element of the loop dM = i;Ldx
The direction of the magnetic moment is perpendicular to the plane of the paper

— X—wdx

»

s

—

—  ——— b'—ﬁ

Potential energy dU =-dM . B
Where B is the magnetic field at the position of this element

B=ﬂ 21
dma+x
dU=—izflfg.e:[ dx ]
A a+x
z
U=—ﬂzflfz.e:h[[ dx ]
Aar a+x

_ Mo ath
=220 Lo
A 1P g[ e ]

(b) Work done to increase the spacing between the wire and the loop from a to 2a
W =AU
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__H @+
Ui——aﬂlfgﬁlog[ ]

43

i 2a+h
Uy =22 EIlfzi.log[ - ]
AV =T, U, = 011 log| 2225
A7 2a +5

Q) A rectangular coil of area 20 cm x 10 cm with 100 turns of wire is suspended in a radial
magnetic field of induction 5 x 10-3 T. If the galvanometer shows an angular deflection of
150 for a current of 1mA, find the torsional constant of the suspension wire.

Solution:

n=100,A=20cmx10cm=2x101tx10'm?,B=5%x103T,,|=1mA =1073A,

0 = 15%= 15 (1/180) = /12 ,C="?

nBIA = C6O

C=HBL‘E[
&

_ 10% 5107 =107 = 2x 107 107

g

(7 =382%107 Nmrad™

Moving coil galvanometer

Moving coil galvanometer is a device used for measuring the current in a circuit.
Principle

Moving coil galvanometer works on the principle that a current carrying coil placed in a
magnetic field experiences a torque.

Construction

It consists of a rectangular coil of a large number of turns of thin insulated copper wire
wound over a light metallic frame shown in figure

(1) | 2> a

The coil is suspended between the pole pieces of a horse-shoe magnet by a fine phosphor
— bronze strip from a movable torsion head. The lower end of the coil is connected to a
hair spring (HS) of phosphor bronze having only a few turns. The other end of the spring is
connected to a binding screw. A soft iron cylinder is placed symmetrically inside the coil.
The hemispherical magnetic poles produce a radial magnetic field in which the plane of
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the coil is parallel to the magnetic field in all its positions as shown in figure. A small plane
mirror (m) attached to the suspension wire is used along with a lamp and scale
arrangement to measure the deflection of the coil.

Theory

Let PQRS be a single turn of the coil (as shown in figure)

W

Torque on the coil

A current | flows through the coil. In a radial magnetic field, the plane of the coil is always
parallel to the magnetic field. Hence the sides QR and SP are always parallel to the field.
So, they do not experience any force. The sides PQ and RS are always perpendicular to the
field. PQ = RS =L, length of the coil and PS = QR = b, breadth of the coil
Force on PQ, F = Bl (PQ) = BIL. According to Fleming’s left hand rule, this force is normal to
the plane of the coil and acts outwards.
Force on RS, F = BI (RS) = BIL.
This force is normal to the plane of the coil and acts inwards.
These two equal, oppositely directed parallel forces having different lines of action
constitute a couple and deflect the coil. If there are n turns in the coil,
Torgue of the deflecting couple = N BIL x b = NBIA
When the coil deflects, the suspension wire is twisted. On account of elasticity, a restoring
couple is set up in the wire. This couple is proportional to the twist. If 8 is the angular
twist, then, moment of the restoring couple = CO
where Cis the restoring couple per unit twist
At equilibrium, deflecting couple = restoring couple
MNBIA=C8

_ o

MNBA

I=Kg
Here K is the galvanometer constant.
| a 6.

Since the deflection is directly proportional to the current flowing through the coil, the
scale is linear and is calibrated to give directly the value of the current
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We define the current sensitivity of the galvanometer as the deflection per unit current.
current sensitivity is,

g _MNAD

T
C is restoring couple per unit twist

Note current sensitivity is proportional to number of turns (N)

Conversion of galvanometer into an ammeter
A galvanometer is a device used to detect the flow of current in an electrical circuit. To
measure current in circuit Galvanometer is connected in series. Because of following
reasons Galvanometer cannot be used as Ammeter
(i) Being a very sensitive instrument, a large current cannot be passed through the
galvanometer, as it may damage the coil.
(ii) Galvanometer have resistance in few kilo-ohm resistance which get added to
resistance of circuit as a result current in circuit changes.
However, a galvanometer is converted into an ammeter by connecting a low resistance in
parallel with it. As a result, when large current flows in a circuit, only a small fraction of the
current passes through the galvanometer and the remaining larger portion of the current
passes through the low resistance.
The low resistance connected in parallel with the galvanometer is called shunt resistance.
The scale is marked in ampere. The value of shunt resistance depends on the fraction of
the total current required to be passed through the galvanometer.
Let Ig be the maximum current that can be passed through the galvanometer.

¥ —

v

Amieler
The current Ig will give full scale deflection in the galvanometer.
Galvanometer resistance = G. Shunt resistance =S
Current in the circuit = |
Current through the shunt resistance Is= (I-lg)

Since the galvanometer and shunt resistance are parallel, potential is common.
Ig . G = (I‘ Ig)s
7
5=0—£
-1,
The shunt resistance is very small because Ig is only a fraction of |. The effective resistance
of the ammeter R, is (G in parallel with S)
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1 1 1
_ 4
E @ 8
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F+ 5

Ra is very low and this explains why an ammeter should be connected in series. When
connected in series, the ammeter does not appreciably change the resistance and current
in the circuit. Hence an ideal ammeter is one which has zero resistance.

Conversion of galvanometer into a voltmeter

Voltmeter is an instrument used to measure potential difference between the two ends of
a current carrying conductor. A galvanometer can be converted into a voltmeter by
connecting a high resistance in series with it. The scale is calibrated in volt. The value of
the resistance connected in series decides the range of the voltmeter.

Galvanometer resistance = G

The current required to produce full scale deflection in the galvanometer = Ig

Range of voltmeter =V Resistance to be connected in series = R

Since R is connected in series with the galvanometer, the current through the
galvanometer,

_ 5
F R+
r=Y_g

I

Voltimeter

From the equation the resistance to be connected in series with the galvanometer is
calculated.

The effective resistance of the voltmeteris R, =G +R

Rvis very large, and hence a voltmeter is connected in parallel in a circuit as it draws the
least current from the circuit.

In other words, the resistance of the voltmeter should be very large compared to the
resistance across which the voltmeter is connected to measure the potential difference.
Otherwise, the voltmeter will draw a large current from the circuit and hence the current
through the remaining part of the circuit decreases. In such a case the potential difference
measured by the voltmeter is very much less than the actual potential difference. The
error is eliminated only when the voltmeter has a high resistance. An ideal voltmeter is
one which has infinite resistance.
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Current loop as a magnetic dipole

Ampere found that the distribution of magnetic lines of force around a finite current
carrying solenoid is similar to that produced by a bar magnet. This is evident from the fact
that a compass needle when similar deflections moved around these two bodies show.
After noting the close resemblance between these two, Ampere demonstrated that a
simple current loop behaves like a bar magnet and put forward that all the magnetic
phenomena is due to circulating electric current. This is Ampere’s hypothesis.

The magnetic induction at a point along the axis of a circular coil carrying current is

p oMM
2[.:;:2 +xz)zﬁ(

The direction of this magnetic field is along the axis and is given by right hand rule. For
points which are far away from the centre of the coil, x>>a, a? is small and it is neglected.

Hence for such points,

2
5= ,{,qu'lﬂ;cz
2%
If we consider a circular loop, n = 1, its area A = nta?
e
2% .eq(1)
The magnetic induction at a point along the axial line of a short bar magnet is
P
47 x
_ M
2 & ..eq(2)

Comparing equations (1) and (2), we find that

M=1A...(3)

Hence a current loop is equivalent to a magnetic dipole of moment M = |A

The magnetic moment of a current loop is defined as the product of the current and the
loop area. Its direction is perpendicular to the plane of the loop.

The magnetic dipole moment of a revolving electron

According to Neil Bohr’s atom model, the negatively charged electron is revolving around
a positively charged nucleus in a circular orbit of radius r. The revolving electron in a
closed path constitutes an electric current. The motion of the electron in anticlockwise
direction produces conventional current in clockwise direction. Current, i = e/T

where T is the period of revolution of the electron. If f is the orbital velocity of the
electron, then

7=
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Due to the orbital motion of the electron, there will be orbital magnetic moment
Ww=1iA, where A is the area of the orbit.

{{_{ _ =t _ﬂ?‘j
T
_ a2y
o2
If m is the mass of the electron
=
= — [mw*)
2
mvr is the angular momentum (/) of the electron about the central nucleus.
&
= (I
Hy 2m[ )
Mg
I 2m

is called gyromagnetic ratio and is a constant. Its value is 8.8 x 10° C kg*. Bohr
hypothesized that the angular momentum has only discrete set of values given by the
equation.
I =nh/2m...(2) where n is a natural number
and h is the Planck’s constant = 6.626 x 10734 Js.
From above two equations for W we get

g nh  neh

. S 20T B 7
The minimum value of magnetic moment is
[ _ ah
Hy :lm'n P,
Value of ( eh/4mm ) is called Bohr magneton
By substituting the values of e, h and m, the value of Bohr magneton is found to be
9.27 x 10724 Am?
In addition to the magnetic moment due to its orbital motion, the electron possesses
magnetic moment due to its spin. Hence the resultant magnetic moment of an electron is

the vector sum of its orbital magnetic moment and its spin magnetic moment.

=1
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Solved Numerical

Q) A moving coil galvanometer of resistance 20 Q produces full scale deflection for a
current of 50 mA. How you will convert the galvanometer into (i) an ammeter of range 20
A and (ii) a voltmeter of range 120 V.
Solution:
G=200Q;Ig=50x103A;1=20A,5=7
V=120V,R="?
(i) Ammeter
S=0 f“"
-1,
50%107
20 - 50107
S=0058
A shunt of 0.05 Q should be connected in parallel
(ii) Voltmeter
¥

R=—-G
Ig
S 120
5010
R =2330%2

A resistance of 2380 Q should be connected in series with the galvanometer

Q) The deflection in a galvanometer falls from 50 divisions to 10 divisions when 12 Q
resistance is connected across the galvanometer. Calculate the galvanometer resistance.
Solution:

01 =50 divs, 6g = 10 divs, S=12QG ="
| o 01
lg a Bg
In a parallel circuit potential is common.
G, =8(1-1,)
s(1-1,)
7

F
_12(50-10)
10
G=430

7=
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Q) In a hydrogen atom electron moves in an orbit of radius 0.5 A making 1016 revolutions
per second. Determine the magnetic moment associated with orbital motion of the
electron.

Solution:

r=0.5A=0.5x10""m, n = 1016 s

Orbital magnetic moment w =i.A ...(1)

i=e/T

l=e.f..(2)

A=nr?..(3)

substituting equation (2), (3) in (1)

W = e.n. mr?

= 1.6 x 10-19 x 1016 x 3.14 (0.5 x 1019)2

=1.256 x 1023

o W =1.256 x 102> Am?

END

37
PHYSICS NOTES
WWwWw.spiroacademy.com



http://www.gneet.com/

