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MAGNETIC EFFECT OF CURRENT

The branch of physics which deals with the magnetism due to electric current or moving charge (i.e. electric current is

equivalent to the charges or electrons in motion) is called electromagnetism.

ORESTED'S DISCOVERY

The relation between electricity and magnetism was discovered by Orested in 1820.

Orested showed that the electric current through the conducting wire deflects the

magnetic needle held below the wire.

When the direction of current in conductor is reversed then deflection of
magnetic needle is also reversed

On increasing the current in conductor or bringing the needle closer to the
conductor the deflection of magnetic needle increases.

Oersted discovered a magnetic field around a conductor carrying electric

current. Other related facts are as follows:

(a) A magnet at rest produces a magnetic field around it while an

electric charge at rest produce an electric field around it.

(b) A current carrying conductor has a magnetic field and not an electric
field around it. On the other hand, a charge moving with a uniform
velocity has an electric as well as a magnetic field around it.

(c) An electric field cannot be produced without a charge whereas a

magnetic field can be produced without a magnet.

(d) No poles are produced in a coil carrying current but such a coil Oersted's experiment. Gurrent in
the wire deflects the compass needle
shows north and south polarities.
(e) All oscillating or an accelerated charge produces E.M. waves also

in additions to electric and magnetic fields.

Current Element
A very small element ab of length d/ of a thin conductor carrying
current I called current element. Current element is a vector

quantity whose magnitude is equal to the product of current and

length of small element having the direction of the flow of current.

Biot - Savart's Law
With the help of experimental results, Biot and Savart arrived at a mathematical expression that gives the

magnetic field at some point in space in terms of the current that produces the field. That expression is based

on the following experimental observations for the magnetic field JB at a point P associated with a length

element {7 of a wire carrying a steady current I.

1 Id/sin© L, 1d/sin®
dB oI, dB oc df , dB o sin® and dB o« r—2:> dBOCr—Z = dB:Er—z
Vector form of Biot-Savart's law
= U, ldlsin® . - - -
dB = i 2 n n =unit vector perpendicular to the plane of (Id¢) and (1)
- Id/x7 - .
dB = Ho XTI [+ 1d? T = (df) @sind 5]
4t r
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- Id7x¥
According to dB = Ko : !
4t r

, direction of magnetic field vector (dé) is always perpendicular to

vectors (Id?) and (T ), where plane of (Id?) and (T) is the plane of wire.

Magnetic field on the axis of current carrying conductor is always zero (=0 or 6 = 180)

Magnetic field on the perimeter of circular loop or cail is always minimum.

the plane of

~N

MAGNETIC FIELD LINES (By Michal Faraday)

In order to visualise a magnetic field graphically, Michal faraday introduced the concept of field lines.

Field lines of magnetic field are imaginary lines which represents direction of magnetic field continuously.

GOLDEN KEY POINTS

Magnetic field lines are closed curves.

Tangent drawn at any point on field line represents direction of the field at that point.

Field lines never intersects to each other.

At any place crowded lines represent stronger field while distant lines represents weaker field.

In any region, if field lines are equidistant and straight the field is uniform otherwise not.

@ Non-uniform Feld --=-==-===-===-=-- > Uniform Feld
——

[ ——
/_b\ //

- >
o //:_\

_ EEEEE—

itude is Direction is Both megnitude Both magnitude
notg " not constant and direction are and direction are
not constant constant

Magnetic field lines emanate from or enters in the surface of a magnetic material at any angle.
Magnetic field lines exist inside every magnetised material.

Magnetic field lines can be mapped by using iron dust or using compass needle.

RIGHT HAND THUMB RULE

This rule gives the pattern of magnetic field lines due to current carrying wire.

Straight current (i) Circular current

Thumb — In the direction of current Curling fingers — In the direction of current,
Curling fingers — Gives field line pattern Thumb — Gives field line pattern

Case [ : wire in the plane of the paper Case [ : wire in the plane of the paper

I
Megnetic CW
field lines . ST ACW
= O &
B B
Towards observer or|Away from the observer
perpendicular or perpendicular
out-wards inwards

[TM
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ACW CW
> & « &
B [
Towards observer Away from the observer
dradar field lines ciraular field lines

GOLDEN KEY POINTS

+  When current is straight, field is circular
«  When current is circular, field is straight (along axis)

+ When wire is in the plane of paper, the field is perpendicular to the plane of the paper.

+ When wire is perpendicular to the plane of paper, the field is in the plane of the paper.

- J
APPLICATION OF BIOT-SAVART LAW : A
. Magnetic field surrounding a thin straight current carrying conductor .
AB is a straight conductor carrying current i from B to A. At a point P, whose IE;I Xy
perpendicular distance from AB is OP =a, the direction of field is perpendicular RN s
to the plane of paper, inwards (represented by a cross) ZI ¢@
..... a . M0,
/=a tan® =dl=a sec? 6d0...(i) 9 TR
0=90 -0 & r=asecH -

. By Biot-Savart’s law

—B-:hidfsinoc

d P ® (due to a current element id¢ at point P)
B*J.dB _Iﬁ—idf sina (due t ire AB) . Bfu—oi‘..cos 06d6
= P ue to wire o An

Taking limits of integration as -¢,-¢, to ¢,

.0 . .
Kol Mol 1 . o Mol . . .
B = cos0d0 = ——(sinB|" ——|sin¢, + sin inwards
Ta J;Z 47a [ ]""2 47a [ b ¢2] ( )

Example
Magnetic field due to infinite length wire at point 'P'

Solution

L -
—

£

X
av)

_ Myl
P 4nd

B [sin90 + sin90 ] 0,=90

o
N
a
Q.
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Example

Magnetic field due to semi infinite length wire at point 'P'

14

P

. ol
'""6,":'é'f¢1:":p B, = 4pg (00 * 11

Mol .
Sol. B, = _47T,d [sin® + sin90 ] M

Example

Magnetic field due to special semi infinite length wire at point 'P'

Solution
_ Bl . : B Kol
B, = dnd [sin0 + sin90 ] B, _41'cd
I s
o0 6,790 |
Y R =
DR -
Example
N\
I
Magnetic field due to special finite length wire at point 'P' 90
M,
Solution
_ Bl . oo
B, = And [sin0 + sin@] ; B, = And sin®
Example

If point ‘P’ lies out side the line of wire then magnetic field at point ‘P’ :

Solution

ol . Mol
B, = 47id [sm(90 —ocl)—sm(90 -a, )] = ﬁ(cosal — cosa,)
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Magnetic field due to a loop of current

Magnetic field lines due to a loop of wire are shown in the figure

The direction of magnetic field on the axis of current loop can be determined by right hand thumb
rule. If fingers of right hand are curled in the direction of current, the stretched thumb is in the direction

of magnetic field.

Calculation of magnetic field

Consider a current loop placed in y-z plane carrying current i in
anticlockwise sense as seen from positive x-axis. Due to a small

current element jd7 shown in the figure, the magnetic field at P

B :hidfsin‘)Oo '

is given by d
g 4 4n r?

The angle between jq7 and f is 90° because id/ is along y-

axis, while 7 lies in x-z plane. The direction of B is perpendicular

to ¥ as shown. The vector dB can be resolved into two components,

dB cos® along z-axis and dB sinf along x-axis.

4

y-axis

For any two diametrically opposite current elements, the components along x-axis add up, while the other two
components cancel out. Therefore, the field at P is due to x-component of field only. Hence, we have

B= [ dBsin0= | :—;if/ mo-[ LML R g %j dt = [ dr=2nR

47tr

. 2
B = thZTERZ :h ix2nR (...r: ,R2+X2)

¢ an(RE )

(@) At the centre, x=0, B _ Bl
’ ’ centre 2R
2\ -3/2

(b) At points very close to centre, x<<R= B— L1+R J

¢ 271R?

() At points far off from the centre, x>>R = B= ZL“_S
T X

. . . u, 2M

(d  The result in point (c) is also expressed as B &

where M= yy nR?, is called magnetic dipole moment.

Hoi
T2

_3X

2R*

2

)
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Example

Find the magnetic field at the centre of a current carrying conductor bent in the form of an arc subtending

angle @ at its centre. Radius of the arc is R.

Solution

Let the arc lie in x-y plane with its centre at the origin. AYds
Consider a small current element jd7 as shown.

The field due to this element at the centre is

id/si 0 R
dB= :—; % ( id/ and R are perpendicular)
up_ Mo IRdY by i |
- LdB=2C —F = d
Now df = Rd¢ i g —dB = pdd

The direction of field is outward perpendicular to plane of paper P xcaxis

0

o . Mol _ Mol e Hol
=| dB..B=—"—"— dop =—— - B=—"-0
Total magnetic field B .[ R .([ o 4nR[¢]O “B=y o

Example

Find the magnetic field at the centre of a current carrying conductor bent in the form of an arc subtending
angle o, and a, at the centre.

Solution
Magnetic field at the centre of arc abc and adc wire of circuit loop

Holyon Boly0, B b _ Loy arc length &
= — d B = —— —_— = N = =
ebe 4nr and Paa 4ny = B, La, ange radius = o
I 4
~V=IR =R, = LR a2 r=PloRo)
I, R, L 4 A
Babc EZ Zl Bﬁtl 1
Badc - fl 62 = Baz -
HELMHOLT'Z COILS ARRANGEMENT o Reeeee
NI, B NILR
This arrangement is used to produce uniform magnetic field ACW s ACW
Ol
of short range. It consists :- M } """""" &
. Two identical co-axial coils (N, I, R same) (uriformrragretic fidd
. o ) A—+T o short range By)
. Placed at distance (center to center) equal to radius ('R') of coils P./ s \Q
. Planes of both coils are parallel to each other.

Current direction is same in both coils (observed from same side) R2 R/2
otherwise this arrangement is not called "Helmholtz coil
arrangement".

Example

A pair of stationary and infinitely long bent wires are placed in the x-y plane I

as shown in fig. The wires carry currents of 10 ampere each as shown. The

oy
O
o

segments L and M are along the x-axis. The segments P and Q are parallel to @
the y-axis such that OS = OR = 0.02 m. Find the magnitude and direction of

the magnetic induction at the origin O.
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Solution

As point O is along the length of segments L. and M so the field at O due to these segments will be zero. Further,

... I - -
as the point O is near one end of a long wire, B, =B, +B, = %g(k) + %g(k) [as RO = SO = (]

=, [21) - _ 2x10 - -
B, =2k uti - ~100 0 - 10022k
so, ) (k) Substituting the given data, B, = 10 0.02 (k) =10 mz( )

B =10*T and in (+z) direction.
Example

Calculate the field at the centre of a semi-circular wire of radius R in situations depicted in figure (i), (i) and (iii)
if the straight wire is of infinite length.

(i)

Solution
The magnetic field due to a straight current carring wire of infinite length, for a point at a distance R from one of its

Hol

4nR

ends is zero if the point is along its length and if the point is on a line perpendicular to its length while at the

- — — —

. Lo kel . L .
centre of a semicircular coil is ﬁ so net magnetic field at the centre of semicircular wire is Bg = B.+ By + B¢

- I [

(i) B, =0+ Z—OE® +0= Z_OR ®( into the page)
- Mo T By 1 Mo T Mo |

i S (NG Y ey & B

(ii) B inR + iR O + inR irR [t + 2] © (out of the page)
- Mo 1 Mo 1 Mo | Mo 1

_ —0 - —0 = _ _ .

(iii) B, irR + iR ® + irR irR [t - 2]® (in to the page)

Example

Calculate the magnetic induction at the point O, if the current carrying wire is
in the shape shown in figure. The radius of the curved part of the wire is a and
linear parts are assumed to be very long and parallel.

Solution
Magnetic induction at the point O due to circular portion of the wire

Holow  pei 3 3n
— X—TCQ o= —
' T 4R dAma 2 (out of the page) (*." o 5

Magnetic induction at O due to wire cd will be zero since O lies on the line cd itself when extended backward.
Magnetic induction at O due to infinitely long straight wire ae is

)

Mol
4ma

i , Mol | o oy [ T
B = :0 [sin¢, +sind,] where r = a, ¢, =0,¢,= g: B.= 4—0{51110 +sm(5ﬂ =

2 r 2 ma

Because both the fields are in same direction i.e. perpendicular to plane of paper and directed upwards, hence

the resultant magnetic induction at O is B = B, + B, = Hol (%Jrle
Ta
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Example

In the frame work of wires shown in figure, a current i is allowed to flow.
Calculate the magnetic induction at the centre O. If angle o is equal to 90 ,

then what will be the value of magnetic induction at O ?

Solution

i
Magnetic induction at O due to the segment BC is B = M—00L®

' 4nR,

Similarly, the magnetic induction at O due to circular segment AED is B, =H—(I)%l(2n—0c) ®
Ry

Magnetic field due to segments AB and CD is zero, because point 'O' lies on axis of these parts.

i(f o 2n-a
Hence resultant magnetic induction at O is B = B +B,= M(—+ T ],@
4n( R, R,

- | .
fo=-90 - =, then B- Ml T 37| _ wifl 3
2 ar\2R, 2R,) 8 (R, R,

Example

Two concentric circular coils X and Y of radii 16 cm and 10 cm respectively lie in the same vertical
plane containing the north-south direction. Coil X has 20 turns and carries a current of 16 A; coil
Y has 25 turns and carries a current of 18 A. The sense of the current in X is anticlockwise, and
in Y clockwise, for an observer looking at the coils facing the west.

What is the magnitude and direction of the magnetic field at their common centre
(i) Due to coil X alone ? (ii) Due to coil Y alone ? (iii) Due to both the coils ?
Solution
According to the figure the magnitude of the magnetic field at the centre of coil X is
e LN, 27 x 107 16x20

- — - -4
B.- 5 5 01e - 4n 10T

Since the current in coil X is anticlockwise, the direction of B
is towards the east as shown in figure.

The magnitude of magnetic field at the centre of the coil Y

=9n  10* T

Ko I[Ny _47‘:><10’7 18x25
2

is given by B, = 5 5

Ty

* since the current in coil Y is clockwise, the direction of field B, is towards the west (see fig.). Since the

two fields are collinear and oppositely directed. The magnitude of the resultant field = difference between

the two fields and its direction is that of the bigger field. Hence the net magnetic field at the common centre
is 5t 10*T and is directed towards the west.

Example Za

A long wire bent as shown in the figure carries current I. If the radius of the

semi-circular portion is "a" then find the magnetic induction at the centre C. O o >
C
Solution X/I/ /
'y .'o" m"'

Due to semi circular part B; = 4a( 1)

due to parallel parts of currents éz :2><“—°I(—1§), B =B.= é1 +I§2 =

4ma

ot

2

I
magnitude of resultant field B = /B? +B; = ::ca w4

m NODES (E}\Data\ 201 4\Kota\JEE-Advanced\SMP\Phy \Unit No-09\Magnefic Effect of current & Magnefism\Eng\O1 Theory.p65



m NODES (E)\Data\ 201 4\Kota\JEE-Advanced\SMP\Phy \Unit No-09 \Magnefic Effect of current & Magnefism\Eng\01.Theory.p65

ALLEN JEE-Physics

KOTA (RAJASTHAN

Example
A piece of wire carrying a current of 6 A is bent in the form of a circular arc of radius 10.0 cm, and it subtends
an angle of 120 at the centre. Find the magnetic field due to this piece of wire at the centre.

Solution

Magnetic field at centre of arc B = 2% ¢ = 120 = 22 yad
agnetic field at centre of arc B = " =, a = = g ra
ol 2n  pl  4rnx107 x6x100
= —X— = — = T =
B= 1™ 3 " 6R 6x10 1257 1T®
Example
An infinitely long conductor as shown in fig. carrying a current I with a semicircular loop b
on X-Y plane and two straight parts, one parallel to x-axis and another coinciding with !
Z-axis. What is the magnetic field induction at the centre C of the semi-circular loop. I C .
Solution NG %
The magnetic field induction at C due to current through straight part of the { o
conductor parallel to X-axis is
Z
Bo T f T Ho | L Myl
B, = 4n (r/2)[5m2 +sm0} = ﬁ;aoting along + Z direction. i.e. g, = ﬁ;

The magnetic field induction at C due to current through the semi-circular loop in X-Y plane is

Mo 1 bl TR
0 w) - Mol . ST _ K
B, an (r /2)( ) o 1 acting along + Z-direction i.e. B, . k
The magnetic field induction at C due to current through the straight part of the conductor coinciding with Z-axis is
Mo I L T . Kol — K I/ -
= ———|sin—+sin0 | = =% _ . YW)agic e B, =-—0_(_
B, an r/Z[ 2 } o acting along (-X)-axis i.e.Bj o r( 1)

I, _ R [ - [ - I[. [ - -
Total magnetic field induction at Cis B =B, +B, +B,= %k +;_Onk - %1 = %[(1 +n)k_1}

Example
A conductor carrying a current i is bented as shown in figure. Find the magnitude of magnetic field at the origin
Solution

- i
Field at O due to part 1 B, = ::cr

(—f) Field at O due to part 2 éz = %(%}(_1;)

.. Wire 3 passes through origin when it is extended backwards B ;=0

— - - - Hoi ik
B,=B;+B,+B; = _Z{;+§:|
Example
A conductor of length 0.04 m is tangentially connected to a circular
loop of radius 0.03 m perpendicular to its plane. Find the magnetic
field induction at the centre of the loop if 4 ampere current is passed
through the conductor as shown in fig.
Solution
Magnetic field induction at the centre of the loop due to the straight current-carrying conductor,

4nx107" x4
41t x0.03
Magnetic fields due to the two halves of the loop are equal in magnitude and opposite in direction. So, the

magnetic field induction due to the loop at the centre of the loop is zero. So, the magnetic field induction at the
centre of the loop is 1.07 107°T.

oo 08

- -5
0.05} 1.07 10°T

Bol - . :
= ——|sin¢, +sin =
B 4m|: o ¢2:|
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Example

Figure shows a right-angled isosceles triangle PQR having its base equal to a.
A current of  ampere is passing downwards along a thin straight wire cutting the

plane of the paper normally as shown at Q. Likewise a similar wire carries an
equal current passing normally upwards at R. Find the magnitude and direction Q R

of the magnetic induction at P. Assume the wires to be infinitely long.

Solution

a
Let r=PQ=PRanda2=r2+r2=2r20rr=ﬁ

[T TR
27r 2ma \/E‘fta

(along PR)

Magnetic induction at P due to conductor at Q is B, =

Mol
27ma

Magnetic induction at P due to conductor at R is B, = (along PQ)

2 2
| I V2wl I
Now, resultant of these two is B = \/Bf +B§ = \/[\/%)na] +[\/%Onaj = \Euo - i_oa
Ta

The direction of B is towards the mid-point of the line QR.

AMPERE'S CIRCUITAL LAW

Ampere's circuital law state that line integral of the magnetic field around
any closed path in free space or vacuum is equal to L, times of net
current or total current which crossing through the area bounded by the

ACW
circulation

closed path. Mathematically (ﬁé .dl = Po2l

This law independent of size and shape of the closed path.
Any current outside the closed path is not included in writing the right hand side of law
Note :

This law suitable for infinite long and symmetrical current distribution.

Radius of cross section of thick cylinderical conductor and current density must be given to apply this law.

MAGNETOMOTIVE FORCE (M.M.F.)

$B . dl =3, where B=y,H, Pu,H . d7 =p3 = $H . dl =3I
The line integral of magnetising field around any closed path is equal to net current crossing through the area

bounded by the closed path, also called 'magnetomotive force'. Magnetomotive force (M.M.F.) =<j>I:I.dz

APPLICATION OF AMPERE'S CIRCUITAL LAW

Magnetic field due to infinite long thin current carrying straight conductor

Consider a circle of radius 'r'. Let XY be the small element of length d/. B and d7 are in the same direction

because direction of along the tangent of the circle. By A.C.L.

KOTA (RAJASTHAN

® Positive
= -L+L) ® Negative

$B . di=p,3I pBdl cosO=p, 1 (where 0= 0)

‘,A/- .........
Elo "y 8
(j‘DB dl cos0°=p, 1 = BCJ.) dl=p, 1 (where q5d€=2nr) B~ % ci\f
I
Myl +

B (2nr) = pyl = B = omr

10
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Magnetic field due to infinite long solid cylinderical conductor

. For a point inside the cylinder r < R, Current from area ©R?2 is = I
; 5 I (r?) Ir?
so current from area mr? is = r’) = —
nR? R?

By Ampere circuital law for circular path 1 of radius r

2

, Ir Holr
By 2m) = pol' = o oo = Bu= 5 oo

=B, «r

. For a point on the axis of the cylinder (r = 0); B =0

axis
. For a point on the surface of cylinder (r = R)

By Ampere circuital law for circular path 2 of radius R

Kol
B,2=nR) =pl = B, = ZTc_OR (it is maximum)

. For a point outside the cylinder (r > R) :-

By Ampere circuital law for circular path 3 of radius r

_ Kl |
Bout(znr):uoljBout_Z_ﬂ:r jBoutOC? r=0

Magnetic field outside the cylinderical conductor does not depend upon nature

(thick/thin or solid/hollow) of the conductor as well as its radius of cross section.

Magnetic field due to infinite long hollow cylinderical conductor

. For a point at a distance r such that r <a <b B, =0
. For a point at a distance r such that a <r<b
2 a2
By(2nr) =py I' = B,(2mr) =uol(mj

r = a (inner surface) = B;=0

I 2_2
B, =0 | %
2nr{ b —a

I .
r = b (outer surface) = By = B (maximum)

27b

Mol

. For a point at a distance r such that r>b > a, By (2m) = pl = B; = o

. For a point at the axis of cylinder r=20 B,.=0

axis

Magnetic field at specific positions for thin hollow cylinderical conductor
At point 1 B; =0

I
At point 2 B, = % (maximum) [outer surface] and
B
B, = 0 (minimum) [inner surface]
) Mol ) )
At point 3 Bj = onr (for the point on axis B, =0)

r=R r>R

11
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Magnetic field due to an infinite plane sheet of current

An infinite sheet of current lies in x-z plane, carrying current along-z axis. The field at any point P
on y is along a line parallel to x-z plane. We can take a rectangular amperian loop as shown. If you
traverse the loop in clockwise direction, inward current will be positive.

By Ampere circuital law, @ Bd?= Molenciosed ----(1)

I« a >
PQRS R E) Q
Let ) represents current per unit length. " T
o ~ b
The current enclosed is given by £~ =)a BB DDDDDDD DD axis
Now. ¢ Bdi=[Bdi+ [Bdl+ [Bdl+ [Bdl ) I
PQRS PQ QR RS SR S — R
B
Now, [Bdi=[Bdi=0 a B.Lldf
QR SP
S d7s (Bdi - Blld7) _ _ Kot
Also, [Bdl+ [Bdl = 2xBxalasBld/] . 2Bxa=pha = B="7
PQ RS

Example
A long straight solid conductor of radius 5 cm carries a current of 3A, which is uniformly distributed over its
circular cross-section. Find the magnetic field induction at a distance 4 cm from the axis of the conductor.
Relative permeability of the conductor = 1000.

Solution
Imagine a circular path of radius r whose centre lies on the axis of

solid conductor such that the point P lies on it. ,
Ir
the current threading this closed path I'= R’ xmr? = F
Magnetic field B acts tangential to the amperian circular path at P and is same in

magnitude at every point on circular path.

= 7 II'Z Hourlr
Using Ampere circuital law (j)B.dﬂ = pul' = B (2mr) = HoM RZ = B = onR”

nt & Magnefism\Eng\01.Theory.p65

4nx107 x1000 x 3 x0.04
B = > =96 10° T
21 x(0.05)

Example
A current I flows along a thin walled tube of radius R with a long longitudinal
slit of width b (<<R). What is the magnetic field induction at a distance r (< R) ?
Solution
Using principle of superposition,
field due to strip in place of slit + field due to tube with slit B = 0

o) B = field due to strip in place of slit= “—Ox;xb

2nr (2R —b)
12
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MAGNETIC FIELD DUE TO SOLENOID

It is a coil which has length and used to produce uniform magnetic field of long range. It consists a conducting
wire which is tightly wound over a cylinderical frame in the form of helix. All the adjacent turns are electrically
insulated to each other. The magnetic field at a point on the axis of a solenoid can be obtained by superposition
of field due to large number of identical circular turns having their centres on the axis of solenoid.

Magnetic field due to a long solenoid

A solenoid is a tightly wound helical coil of wire. If length of solenoid is large, as compared to its radius, then in
the central region of the solenoid, a reasonably uniform magnetic field is present. Figure shows a part of long
solenoid with number of turns/length n.We can find the field by using Ampere circuital law.

Consider a rectangular loop ABCD. For this loop C_]S B.d( = Mol
ABCD

Now (j) é.d_t;=(j‘>é.d_tf+<j>é.d_é+45é.@+q‘)é.d_é:Bxa ' l

ABCD AB BC CD DA 9 a N

A"""""""""""'ID 4
This is because (j)é&? = (j) B.dl = 0, Bldl. I‘
AB CD

And, q}ﬁ@ =0 ( - B outside the solenoid is negligible > B C >

DA > >
Now, ig = (n xa) xi s =>Bxa=y, (n Xa xi):B = poni (Megnetic field lines)

Finite length solenoid :

Its length and diameter are comparable.

R RIRNRNRIRNRNRNRIRIK)
Endl End-l

nl
By the concept of BSL magnetic field at the axial point 'P' obtained as : B, = “02 (cos®, — cosH,)

Angle 0; and 0, both measured in same sense from the axis of the solenoid to end vectors.

Infinite length solenoid :
Its length very large as compared to its diameter i.e. ends of solenoid tends to infinity.

(a) Magnetic field at axial point which is well inside the solenoid

I I
B0 tcos 0 = cos 1801 = 22 [(1) = (-1)] =pynl

0;=0 and 0, =180 B =
1 an 2 = 2 2

(b) Magnetic field at both axial end points of solenoid

ponl _ kynl _ponl
5 [cos 90 - cos 180 ] = —2 [(0) - (-1) —2

6;= 90 and 6, = 180 = B =

13
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Example
The length of solenoid is 0.1m. and its diameter is very small. A wire is wound over it in two layers. The
number of turns in inner layer is 50 and that of outer layer is 40. The strength of current flowing in two
layers in opposite direction is 3A. Then find magnetic induction at the middle of the solenoid.

Solution

Direction of magnetic field due to both layers is opposite, as direction of current is opposite so

Nl N2
Bret = By = By = monily — ponaly = pg =71 =y =71 o =L =1
Ul 4t x107 x 3
= S5 N SN = T (50 - 40) = 12 10°T

Example
A closely wound, solenoid 80 cm. long has 5 layers of winding of 400 turns each. The diameter of the solenoid
is 1.8 cm. If the current carried is 8.0A. Estimate the magnetic field
(a) Inside the solenoid (b) Axial end points of the solenoid

Solution

(a) Magnetic field inside the solenoid

4t x107 x2000 x 8

- -4 N - - - - -3
B,y = nonl = wolL1 (N-200 5= 2000) 80X107) 8t 10° T

4n 103 T

nl 8ntx107°
(b) Magnetic field at axial end points of solenoid B, . = HOZ _°or X2 -

Example

A straight long solenoid is produced magnetic field 'B' at its centre. If it cut into two equal parts and same number
of turns wound on one part in double layer. Find magnetic field produced by new solenoid at its centre.

Solution
Magnetic field produced by a long solenoid is B = pgnl, where n = N//

* Same number of turns wound over half length

N poNI
". Magnetic field produced by new solenoid is B' = p, K/_Z [=2 7 =2B
Example
Find out magnetic field at axial point ‘P’ of solenoid shown in figure

(where turn density ‘n’ and current through it is I)

Solution  m— .
Magnetic field at point ‘P’ due to finite length solenoid ) {\ 30 e {60 \
P i
ponl
B, = 9 [cos B; - cos 0,], where 6; = 30 (CW),

I
0, = (180 60 ) = 120 (CW) = “02” [cos 30 —cos 120 ]

13 1 I
- B {7‘[‘5}} - B

14
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Example

A uniform magnetic field B =B 012 exists in a region. A current carrying wire is placed in x-y plane as shown.

Find the force acting on part AB of the wire.

v
A

® B-Bk

Solution
The conductor consists of 5 straight sections viz AC, CD, DE, EF and FB as shown.
As the field is uniform, force on the sections is given by

F= i(i~ X é) . Thus, IEAC = i(ai~ X Bol;) =-B,iaj
lECD = i(a]7 X Bol;) =B, jai , lEDE = i(ai~ X Bol;) =-B,iaj , lEEF = i(—a]7 X Bol;) = -B,iai
Fep = i(«’i]7 x BOLE) = -Byiaj Net force, F =F,. +Fy +Fy +Fy +Fp = —3Byiaj

CURRENT CARRYING CONDUCTOR IN MAGNETIC FIELD
When a current carrying conductor placed in magnetic field, a magnetic force exerts on each free electron
which are present inside the conductor. The resultant of these forces on all the free electrons is called magnetic
force on conductor.

¢ Magnetic force on current element

Through experiments Ampere established that when current element 1d7 is placed in magnetic field B , it

experiences a magnetic force dEm = I(dz X é)

1dv

0 (G
N
dFk. B
(external)

. Current element in a magnetic field does not experience any force if the current in it is parallel or

anti-parallel with the field® =0 or 180 dF_ = 0 (min.)
. Current element in a magnetic field experiences maximum force if the current in it is perpendicular with

the field 0 =90 dF_ = Bld/ (max.)
. Magnetic force on current element is always perpendicular to the current element vector and magnetic

- ~ - —
field vector. dF, 1L Id¢ and dF, 1 B (always)

. Total magnetic force on straight current carrying conductor in uniform magnetic field given as

f -
Where [ = .[ d?, vector sum of all length elements from initial to final point, which is in accordance with the

law of vector addition and |L| = length of the condutor.

15
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. Total magnetic force on arbitrary shape current carrying conductor in uniform magnetic field Bis

f f
J'dlzmzl{jdﬂ B, FE =ILxB) (L=ab)

Final
point

Initial
point a _I: b

£
Where [ = I d/ , vector sum of all length elements from initial to final point or displacement between

free ends of an arbitrary conducter from initial to final point.

Ve GOLDEN KEY POINT ~N
. A current carrying closed loop (or coil) of any shape placed in uniform magnetic
field then no net magnetic force act on it (Torque may or may not be zero)

[:=J.:dz=0 or 955/ =0

. i=f
So net magnetic force acting on a current carrying closed loop F_ =0 (always)
. When a current carrying closed loop (or coil) of any shape placed in non uniform magnetic field then net
magnetic force is always acts on it (Torque may or may not be zero)
- _J

Example
A wire bent as shown in fig carries a current i and is placed in a uniform field of magnetic induction B that
emerges from the plane of the figure. Calculate the force acting on the wire.

Solution

The total force on the whole wire is F_=1|L |B = IR + 2R + R)B = 4RIB

Example
A square of side 2.0 m is placed in a uniform magnetic field B =2.0 T in a direction perpendicular to the plane

of the square inwards. Equal current i = 3.0 A is flowing in the directions shown in figure. Find the magnitude of
magnetic force on the loop.

H
X X x Bx

C > D
X X X

y 3 A
X X X
xB x . x Ex
Solution
Net force on the loop = 3 (IEAD) - Force on wire ACD = Force on AD = Force on AED

= F_ = 3() (AD) (B) = (3) (3.0) (2\/5 )2.0) N = 36\/5 N. Direction of this force is towards EC.

16
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Example
A metal rod of mass 10 gm and length 25 cm is suspended on two springs as shown in figure. The springs are

extended by 4 cm. When a 20 ampere current passes through the rod it rises by 1 cm. Determine the magnetic
field assuming acceleration due to gravity to be 10 m/s?.

T

X X

V) > 0

Mgl 1%

X

K k
X

T | T

x X

Sol. Let tension in each spring is = T
Initially the rod will be in equilibrium if 2T 6 = Mg then T, = kx, ...(i)
Now when the current [ is passed through the rod it will experience a force
F = BIL vertically up; so in this situation for its equilibrium,
2T + BIL = Mg  with T = kx...(ii) x=4-1=3cm)
T Mg-BIL X BIL
So from eq. (i) and eq.(ii) T_0= Mg = ;=1 " Mg
B Mg(xo—x) 10x107° x10x3x107* 15 10°T
=B=_\0 7 = -1 y
ILx, 20x25%x107% x4 x1072
Example
Two conducting rails are connected to a source of e.m.f. and form an incline as shown in fig. A bar of mass 50
g slides without friction down the incline through a vertical magnetic field B. If the length of the bar is 50 cm and
a current of 2.5 A is provided by the battery, for what value of B will the bar slide at a constant velocity ? [g =
10 m/s?
Solution
Force on current carrying wire F = BIL
The rod will move down the plane with constant velocity only if
F cos 6 =mgsin 8 = BIL cos 6 = mg sin 6
B mg. o 50><10’3><10X3 03 T
= —tan® = ———x— = (.
on IL 2.5x50x107 4
Example

A wire PQ of mass 10g is at rest on two parallel metal rails. The separation between the rails is 4.9 cm. A
magnetic field of 0.80 tesla is applied perpendicular to the plane of the rails, directed downwards. The resistance
of the circuit is slowly decreased. When the resistance decreases to below 20 ohm, the wire PQ begins to slide
on the rails. Calculate the coefficient of friction between the wire and the rails.

X | X X| X
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Solution
Wire PQ begins to slide when magnetic force is just equal to the force of friction, i.e.,

o E itB  (0.3)(4.9x107%)(0.8)
umg =i/ Bsin 0 (0 =90) so ‘:E:E:%A so U= mg (10><10’3)(9.8) =0.12

Example
A wire abcdef with each side of length '¢' bent as shown in figure and carrying a current I is placed in a
uniform magnetic field B parallel to +y direction.What is the force experienced by the wire.

Solution

Magnetic force on wire abcdef in uniform magnetic field is IEm =1 (LxB),

[ is displacement between free ends of the conductor from initial to
final point. L= ()i and B =B)j; F = 1(LxB) = BIL ixj = BI/ (k) = BI/, along +z direction

MAGNETIC FORCE BETWEEN TWO PARALLEL CURRENT CARRYING CONDUCTORS

Like currents unlike currents
1
1

.

2
Attraction I Repulsion 112
dF; B, B, dr,,
21
d ,

The net magnetic force acts on a current carrying conductor due to its own field is zero. So consider two infinite

long parallel conductors separated by distence 'd' carrying currents I, and L,

Y
Magnetic field at each point on conductor (ii) due to current I is B, = 2;; [uniform field for conductor (2)]

Kol
Magnetic field at each point on conductor (i) due to curent I, is B, = 2;2 [Uniform field for conductor (1)]

consider a small element of length 'd¢' on each conductor. These elements are right angle to the external
magnetic field, so magnetic force experienced by elements of each conductor given as

Boly
2nd

dF, =B, [ d/ = ( j [ d? ..() (Where L de L B,)
Holy
2nd

Where dF,, is magnetic force on element of conductor (i), due field of conductor (i) and dF,, is magnetic force on
element of conductor (ii), due to field of conductor (i).

dF, =B, 1,dl = ( ] I,d/ .. (i) Wherel, d/ L B)

Magnetic f it length of each conductor i SRS
agnetic 1orce per unit leng Ol each conductor 1s df d[ an

H01112 . B 211,
f= ond N/m (n SIL) f= 4 dyne/cm (In C.G.S))

18
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Definition of ampere :

Magnetic force/unit length for both infinite length conductor gives as @ @

Holi Iy 4nx107)1)@) 1A 1A

= = = ~7
f ond 27() 2 107 N/m

'Ampere' is the current which, when passed through each of two parallel infinite
long straight conductors placed in free space at a distance of 1 m from each
other, produces between them a force of 2 107 N/m

Force scale f= 20T1d2 is applicable when at least one conductor must be of infinite I I [

length so it behaves like source of uniform magnetic field for other conductor.

14
I,1
Magnetic force on conductor 'LN'is F  =f [/ = F = Holilz Y l
2nd SE— I

Equillibrium of free wire
Case I : Upper wire is free : Consider a long horizontal wire which is rigidly fixed another wire is placed
directly above and parallel to fixed wire.

I, H,
(Stable (free) < Finite length (m,y
Equilibriurm) vAg
n
(fixed) I Infinite length
—op V=T 1 | )1 \'\f\ﬂ Fo5 400
j—\ | l
. . . Holy I, o . .
Magnetic force per unit length of free wire f_ = “oxh and it is repulsive in nature because currents are unlike.
Free wire may remains suspended if the magnetic force per unit length is equal to weight of its unit length
Holil, m
At balanced condition f = W'. Weight per unit length of free wire = onh 279 (stable equillibrium condition)

If free wire is slightly pluked and released then it will executes S.H.M. in vertical plane.

h
The time period of motion is T =27 g

Case Il : Lower wire is free : Consider a long horizontal wire which is rigidly fixed. Another wire is placed
directly below and parallel to the fixed wire.

I, (Source) T Infinite length
+oo

—00 2%iT U b3 U 1okl
(fixed)
d (depht)
I E
(Urstable ¢, 2 " .
Ecquilibri urn)( ee) Finite length (m,)!
YAQ
) . o Mol T - - .
Magnetic force per unit length of free wire is f = ond and it is attractive in nature because currents are like.

Free wire may remains suspended if the magnetic force per unit length is equal to weight of its unit length
At balanced condition f =W

Holy Iy _m

ond 7 g (unstable equillibrium condition)

Weight per unit length of free wire

19
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Example

Two horizontal parallel straight conductors, each 20 cm long, are arranged one vertically above the other and
carry equal currents in opposite directions. The lower conductor is fixed while the other is free to move in guides
remaining parallel to the lower. If the upper conductor weights 1.20 g, what is the approximate current that will
maintain the conductors at a distance 0.75 cm apart.

Solution

tF
In equilibrium magnetic force F_ will balance weight mg. P R Q
B B Wil f
Somg=F = mg = od d mg
2nmgd \/an1.2x103x9.8><0.75 x107* iR i S
i = = =/ =47 A
-1 \/ Mo £ 47x107 x20x107 2205 =47

MAGNETIC DIPOLE MOMENT

A magnetic dipole consists of a pair of magnetic poles of equal and opposite strength separated by small
distance. Ex. Magnetic needle, bar magnet, solenoid, coil or loop.

Magnetic moment of Bar magnet

Neutral point  —A
Magnetic H +m
axis ! y //
s @---mmmmmmne D S—— @-f--mmmm-e- /
i
S €-mmmeeeee () =mmmmmmmmmee- »

N Gross Isectional

> view

The magnetic moment of a bar magnet is defined as a vector quantity having magnitude equal to the product of
pole strength (m) with effective length (¢) and directed along the axis of the magnet from south pole to north pole.

It is an axial vector
9
M= mf/

\S.I. unit : - At

GOLDEN KEY POINTS ~

Attractive property : A bar magnet attracts certain magnetic substances (eg. Iron dust). The attracting power
of the bar magnet is maximum at two points near the ends called poles. So the attracting power of a bar
magnet at its poles called 'pole strength'

The 'pole strength' of north and south pole of a bar magnet is conventionally represented by +m and -m
respectively.

The 'pole strength' is a scalar quantity with S.I. unit A-m.

The 'pole strength' of bar magnet is directly proportional to its area of cross section. m o« A

The attracting power of a bar magnet at its centre point is zero, so it is called 'neutral point'.

Magnetic poles are always exists in pairs i.e. mono pole does not exist in magnetism. So Gauss law in
magnetism given as @é ds=0

Effective length or magnetic length :— It is distance between two poles along the axis of a bar magnet. As pole
are not exactly at the ends, the effective length (f) is less than the geometrical length (¢ o of the bar magnet.

£20-91¢,

Inverse square law (Coulomb law) : The magnetic force between two isolated magnetic poles of strength
m, and m, lying at a distance 'r' is directly proportional to the product of pole strength and inversely proportional
to the square of distance between their centres. The magnetic force between the poles can be attractive or
repulsive according to the nature of the poles.

20
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F.,cmm, b s1)
F ol Y E 1(CGS)
r

Inverse square law of Coulomb in magnetism is applicable only for two long bar magents becasue isolated
poles cannot exist.

+ If a magnet is cut into two equal parts along the length then pole strength is reduced to half and

m M
length remains unchanged. New magnetic dipole moment M'=m‘(€)=?><!f=?.

The new magnetic dipole moment of each part becomes half of original value.

m=(m2), =/ '
4 S— = m=m i (=t/2
-1« » +m N [
. S S NN S NN
S M > N ) S % F_Ql |
hﬁ M=em L-Mi
M=m / M=@m2 (=M?2 2 2 i

+ If a magnet is cut into two equal parts transverse to the length then pole strength remains unchanged

and length is reduced to half. New magnetic dipole moment M'=m (éj:%

The new magnetic dipole moment of each part becomes half of original value.

+  The magnetic dipole moment of a magnet is equal to product of pole strength and distance between
poles. M=m/

N~
—( —>

+  As magnetic moment is a vector, in case of two magnets having magnetic moments M; and M, with
angle O between them, the resulting magnetic moment.

M, sin 6
=|M? 2 2 ; tan¢ =| —2———
M=[M] + M + 2M,M,cos0]  with ¢ {MIJFMZCOSG}
1\ J
Example
The force between two magnetic poles in air is 9.604 mN. If one pole is 10 times stronger than the
other, calculate the pole strength of each if distance between two poles is 0.1 m?
Solution
1077 10 _
Force between po]es F=ﬁml—212 or9.604x1073=M0r m2= 96.04 NZT 2:m=98N/T
ar r 0.1x0.1
So strength of other pole is 9.8 10 = 98 N/T
Example

A steel wire of length L has a magnetic moment M. It is then bent into a semicircular arc. What is
the new magnetic moment?

21
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Solution
M
If m is the pole strength then M=m.L = m :f
If it is bent into a semicircular arc then L=n r = 1“=;
. L 2M
So new magnetic moment M =m><2r=—><2><;=T

Example
Two identical bar magnets each of length L and pole strength m are placed at right angles to each
other with the north pole of one touching the south pole of other. Evaluate the magnetic moment of
the system.

Solution
s M
M, =M, = mL .. MR=\/M?+M§+2M1M2cosg=\/§ mL M, 0
. NS N M M
Msin90° 1 M .
and tanp=————=1 je.p = tan 1 = 45

M + M cos90°

MAGNETIC MOMENT OF CURRENT CARRYING COIL ( LOOP)

Current carrying coil (or loop) behaves like magnetic dipole. The face of coil in which current appears to flow
anti clock wise acts as north pole while face of coil in which current appears to flow clock wise acts as south

pole.
. A loop of geometrical area 'A', carries a current 'I' then magentic moment of coil M= [ A
. A coil of turns 'N', geometrical area 'A’, carries a current 'I' then magentic moment M = N1 A

Magnetic moment of current carrying coil is an axial vector I\7I = NIA where A is a area vector perpendicu-
lar to the plane of the coil and along its axis. SI UNIT : A-m? or J/T

ACW

W
(]

Direction of M find out by right hand thumb rule

+ Curling fingers = In the direction of current + Thumb = Gives the direction of M
For a current carrying coil, its magnetic moment and magnetic field vectors both are parallel axial vectors.

Example
Find the magnitude of magnetic moment of the current carrying loop ABCDEFA. Each side of the loop is 10 cm
long and current in the loop isi =2.0 A

22
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Solution
By assuming two equal and opposite currents in BE, two current carrying loops (ABEFA and BCDEB) are
formed. Their magnetic moments are equal in magnitude but perpendicular to each other.

C > D

>
W
’: ‘A
m

Hence, M, = (M2%2 + M2 = \/§M where M = iA = (2.0)(0.1)(0.1) = 0.02 A-m?
=M = ({2)0.02) Am? = 0.028 A-m*

net
Example
The wire loop PQRSP formed by joining two semicircular wires of radii R, and R, carries a current I as
shown in fig. What is the magnetic induction at the centre O and magnetic moment of the loop in cases (A) and
B) ?

Solution
As the point O is along the length of the straight wires, so the field at O due to them will be zero and hence.

nl a | - o101 . 1 oo 1 0 11 -,
P—®+——®}Le,B———M&Z——J<>&»w=NB=1 JgﬂRﬂ3+2ﬂ%® =§ﬂﬁ%—RJ®

5 _ Ho
A) B=to -
&) R, R, 47 R,

4n

T

- - 1
(B) Following as in case (A), in this situation, B = :—OTEI|:RL+RL:| ® and, M = Enl[Rg +Rﬂ ®
1 2

MAGNETIC DIPOLE IN MAGNETIC FIELD

Torque on magnetic dipole

(a) Bar magnet
T = force  perpendicular distance between force couple
T = (mB) (¢sin) , where M = m/
0 =90 = 1= MB (maximum)

‘r = MBsin0 < Vector form 7

0=0 orl80= 1=0 (minimum)

(b) Coil or Loop el v C\;\‘JD
t=MxB  7=NI(AxB) NN

6 =90 = 1 = BINA (meximum) \ g(uniforrn)
0

1l
=2
X
on]]

T = BINAsin9 Q
=0 or180 = 1= (O (minimum) Plane of coil &

23
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Torque on dipole is an axial vector and it is directed along axis of rotation of dipole.

Tendency of torque on dipole is try to align the M in the direction of B or tries to makes the axis of dipole

parallel to B or makes the plane of coil (or loop) perpendicular to B.

F,_=0 (no translatory motion)
Dipole in uniform magnetic field <
T may or may not be zero (decides by 0)

F_# O (translatory motion)
Dipole in non uniform magnetic field <:
T may or may not be zero (decides by 0)

When a current carrying coil (or loop) is placed in longitudenal magnetic field then maxmium torque acts on it.
=90 (ML1B) =t =MB-=BINA

When a current carrying coil (or loop) is placed in transverse magnetic field the no torque acts on it.

0-0 (M[p) or0 =180 (M antilE) =<, =0

in

WORK DONE IN ROTATING A MAGNETIC DIPOLE

Work done in rotating a dipole in a uniform magnetic field through small angle 'd6'
dW = 1.d6 = MBsin6d0

So work done in rotating a dipole from angular position 0, to 0, with respect to the Magnetic field direction
0, 0, .
W = Ll dW = -[91 MBsin0d0 =MB(cos6, — cos6,)

If magnetic dipole is rotated from field direction i.e. 8, = 0 to position 0,0

then work done is W, = MB (1 - cosb)= 2MB sin? 0/2

in one rotation 0=0 or360=>W=20 in 1/4 rotation 6 =90 = W = MB
in half rotation 0=180 = W = 2MB in 3/4 rotation 0 =270 = W = MB

Work done to rotate a dipole in a magnetic field is stored in the form of potential energy of magnetic dipole.

POTENTIAL ENERGY OF MAGNETIC DIPOLE

The potential energy of dipole defined as work done in rotating the dipole from a direction perpendicular to the

given direction. U = W, - W90 = U =MB (1 - cosf) - MB = MB cos0, In vector formU = M.B

GOLDEN KEY POINTS N
When M and B are parallel (6 = 0), the dipole has minimum potential energy and it is in stable equillibrium.
U = —MB (minimum)

When M and B are anti parallel (0 = 180 ), the dipole has maximum potential energy and it is in unstable

equillibrium. U = MB (maximum)

When M and B are prpendicular to each other (8 = 90), the dipole has potential energy U=0 and in this
situation maximum torque acts on it hence no equillibrium.
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Example
A circular coil of 25 turns and radius 6.0 cm, carrying a current of 10 A, is suspended vertically in
a uniform magnetic field of magnitude 1.2 T. The field lines run horizontally in the plane of the coil.
Calculate the force and torque on coil due to the magnetic field. In which direction should a balancing

torque be applied to prevent the coil from turning ?
Solution

Magnetic force F_= I(CJ'Ddeé)

For coil or close loop qu_ézo so IEm =0

—

=

=

=

=
vvyYy
wi

The torque T on a coil of any shape having N turns and I
current I in a magnetic field B is given by t = NIABsinO
T = 25 10 n 6 6 10* 1.2 sin90 = 3.39 N
The direction of 7 is vertically upwards. To prevent the coil from turning,
an equal and opposite torque must be applied.

Example
A uniform magnetic field of 5000 gauss is established along the positive z-direction. A rectangular loop
of side 20 cm and 5 cm carries a current of 10 A is suspended in this magnetic field. What is the
torque on the loop in the different cases shown in the following figures ? What is the force in each
case ? Which case corresponds to stable equilibrium ?

Z ZA Z
2N |- B
vI A
o Y o) ; 2% ) Y
(@ X ® X ©@

Z s Z
21 2l 2l

A% Y Y

X (d (e (®
Solution

(a) Torque on loop, t=BIA sinb

Here, 06=90 ; B=5000 gauss=5000 10 tesla = 0.5 tesla

I = 10 ampere, A=20 5cm?<100 10%=10% m?

Now, t© = 0.5 10 10°%5 102 Nm It is directed along -y-axis
b) Same as (a).
c) =5 10 Nm along -x-direction
) T =102 N m at an angle of 240 with +x direction.
e) T is zero. ['."Angle between plane of loop and direction of magnetic field is 90 ]
f) 1 is zero.
Resultant force is zero in each case. Case (e) corresponds to stable equilibrium.

Example
A circular coil of 100 turns and having a radius of 0.05 m carries a current of 0.1 A. Calculate the
work required to turn the coil in an external field of 1.5 T through 180 about an axis perpendicular
to the magnetic field ? The plane of coil is initially at right angles to magnetic field.

Solution
Work done W = MB (cos0,-cos0,) =NIAB (cos0,-cos0,)
= W = NInr’B (cos6,- cosf,) = 100 0.1 3.14 (0.05)* 1.5 (cos 0 -cosm) = 0.2355J

25
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Example
A bar magnet of magnetic moment 1.5 IT lies aligned with the direction of a uniform magnetic field of 0.22 T.
(a) What is the amount of work required to turn the magnet so as to align its magnetic moment.
(i) Normal to the field direction? (ii) Opposite to the field direction?
(b) What is the torque on the magnet in case (i) and (ii)?

Solution
Here,M = 1.5 JT ', B = 0.22 T.
(a) P.E. with magnetic moment aligned to field = - MB
P.E. with magnetic moment normal to field = 0
P.E. with magnetic moment antiparallel to field = + MB
i) Work done = increase in PE. = 0 - (-MB) MB = 1.5 0.22 = 0.33 J.

( =

(i) Work done = increase in P.E. = MB - (-MB)

(b) We have 1 MBsin6

(i) T = MB sin6 = 1.5 0.22 1 = 0.33 J. (0=90 =—sin0=1)
This torque will tend to align M with B.

(ii) T = MB sinO = 1.5 0.22 0=0(0 =180 = sin6=0)

2MB =2 15 0.22 = 0.66 J.

Example
A short bar magnet of magnetic moment 0.32 J/T is placed in uniform field of 0.15 T. If the bar
is free to rotate in plane of field then which orientation would correspond to its (i) stable and (ii) unstable
equilibrium? What is potential energy of magnet in each case?

Solution
(i) If M is parallel to B then 6=0 . So potential energy U = U_. = - MB
U, = -MB = -0.32 0.15 J= -4.8 10_2 J (stable equilibrium)
(ii) If M is antiparallel to B then 6 = nm So potential energy
U =uU =+ MB = + 0.32 0.15 = 4.8 1072 J (unstable equilibrium.)

max

ATOMIC MAGNETISM
An atomic orbital electron, which doing bounded uniform circular motion around nucleus. A current constitues
with this orbital motion and hence orbit behaves like current carrying loop. Due to this magnetism produces at
nucleus position. This phenomenon called as 'atomic magnetism.
Bohr's postulates :

2 kze? h
) = () L=mur-= n[—ﬂ} ,wheren =1, 2,3 ...
r

r
Basic elements of atomic magnetism :

(a) Orbital current :- l=ef = —=— = —

(b) Magnetic induction at nucleus position :- As circular orbit behaves like current

carrying loop, so magnetic induction at nucleus position B = Kol
2r
B. — uoef: Ho€ _ MooV _ Hoe®

N 2r  2Tr 4m? 4y
(c) Magnetic moment of circular orbit :- Magnetic dipole moment of circular orbit

2 2
Ter evr eor
M = IA where A is area of circular orbit. M = ef(rcrz): =—=

T 2 2
. Relation between magnetic moment and angular momentum of orbital electron
er m el N
Magnetic moment M = —X— =—— (*."angular momentum L = mvr) i I(current)
2 m 2m
S
Vector form M =—— ¢
2m -
- - e v
For orbital electron its M and L both are antiparallel axial vectors. *F&
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BOHR MAGNETON (u;)

According of Bohr's theory, angular momentum of orbital electron is given by

n
= E ,wheren=1,2 3 ....... and h is plank's constant.
el eh
Magnetic moment of orbital electron is given by M = — =n
2m 47m

eh
If n=1then M = e which is Bohr magneton denoted by p,

Definition of p, :
Bohr magneton can be defined as the magnetic moment of orbital electron which revolves in first orbit
of an atom.

ch 16x1071 x 66 x10734

= = = -23 2
s T 4mm 4x314x 91 x10731 0923 107 Am.

Basic elements of atomic magnetism for first orbit of H-atom (n=1, z = 1)
(a) Accurate form - (v = 2.18 10° m/sec, f = 6.6 10 cy/sec. r = 0.529A)
Orbital current I = 0.96 mA
Magnetic induction at nucleus position B, = 12.8 T
Magnetic moment of orbital electron M = 0.923 102 A.m?
(b)  Simple form :- (v = 2 10° m/sec, f = 6 10%cy/sec, r = 0.5A)
Orbital current [ = 1mA
Magnetic induction at nucleus position B = 4nT

Magnetic moment of orbital electron M = p, A.m?

A NONCONDUCTING CHARGED BODY IS ROTATED WITH SOME ANGULAR SPEED.

In this case the ratio of magnetic moment and angular momentum is constant which is equal to 21
m

here q = charge and m = the mass of the body.

Example

In case of a ring, of mass m, radius R and charge g distributed on it circumference.
Angular momentum L = Io = (mR?(w) ()

Magnetic moment M = iA = (qf) (nR?)

2

()
M= (@ (gj (tR?) = q = — .

= 2 From Egs. (i) and (ii) —=—
27

Although this expression is derived for simple case of a ring, it holds good for other bodies also. For example, for

. qL a(lo)
a disc or a sphere. M= — = M=—— whereL=10w
2m 2m
Rigid body Ring Disc Solid sphere  Spherical shell
mR? 2 2
Moment of inertia (I) mR? — mR? — mR?
2 5 3
Io 2 2 R2 R2
Magnetic moment= S qaoR aoR aer aez
2m 2 4 5 3
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FORCE ON A CHARGED PARTICLE IN A MAGNETIC FIELD

Force experienced by a current element [dy in magnetic field B is given bydﬁ=ldz B ....(Q)
Now if the current element 4/ is due to the motion of charge particles, each particle having a charge

g moving with velocity y through a cross-section A, IdzZ(nqu)dQ:(nqu)G [with volume dV=A d/]

From eq" (i) we can write dF=ndV q(V xB)

ndV=the total number of charged particles in volume dV

L 1 dF - -
(n=number of charged particles per unit volume), force on a charged particle F:_%:q(VXB)
n
s GOLDEN KEY POINT ~N
The force Fis always perpendicular to both the velocity ¢ and the field B
A charged particle at rest in a steady magnetic field does not experience any force.
If the charged particle is at rest then g=(Q, so gxB=0
A moving charged particle does not experience any force in a magnetic field if its motion is parallel
or antiparallel to the field.
q=0° F
qe——>»v -
B B
L ——
ve——e( o) 00° <
6=180° q
F=0 < E _.=aB
(A) ® ©
If the particle is moving perpendicular to the field. In this situation all the three vectors F, ¥ and
B are mutually perpendicular to each other. Then sin 0 = max = 1, i.e., 6 = 90,
The force will be maximum F_ = q v B
Work done by force due to magnetic field in motion of a charged particle is always zero.
When a charged particle move in a magnetic field, then force acts on it is always perpendicular to
displacement, so the work done,W = jlz.dg = [Fds cos 90°=0 (as 6 = 90),
1 5
And as by work-energy theorem W = A KE, the kinetic energy =EmV remains unchanged and
hence speed of charged particle v remains constant.
However, in this situation the force changes the direction of motion, so the direction of velocity ¥ of the
L charged particle changes continuously. )

MOTION OF A CHARGED PARTICLE IN A MAGNETIC FIELD

Motion of a charged particle when it is moving collinear with the field magnetic field is not affected by the field (i.e. if
motion is just along or opposite to magnetic field) (*.* F = 0) Only the following two cases are possible :

Case 1
When the charged particle is moving perpendicular to the field.
The angle between B and ¢ is 6=90. So the force will be maximum (= quB) and always perpendicular

to motion (and also field); Hence the charged particle will move along a circular path (with its plane

2 mv

= r=—o-
qB = B

perpendicular to the field). Centripetal force is provided by the force quB, So

v B
Angular frequency of circular motion, called cyclotron or gyro-frequency. co=—=q—

r m
28
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2n
and the time period, T=;=2“q_8 i.e., time period (or frequency) is independent of speed of particle
and radius of the orbit. Time period depends only on the field B and the nature of the particle,
i.e., specific charge (q/m) of the particle.
This principle has been used in a large number of devices such as cyclotron (a particle accelerator),
bubble-chamber (a particle detector) or mass-spectrometer etc.
. Case II :

The charged particle is moving at an angle 0 to the field : (6 # 0, 90 or 180 ). Resolving the velocity
of the particle along and perpendicular to the field.The particle moves with constant velocity v cos 0 along
the field (*. no force acts on a charged particle when it moves parallel to the field).

And at the same time it is also moving with velocity v sin® perpendicular to the field due to which
it will describe a circle (in a plane perpendicular to the field)

i 21 2m
Radius of the circular path r =Mand Time period T=—/—= ik
qB vsin® gB

So the resultant path will be a helix with its axis parallel to the field B as shown in fig.

vsin®  pplicel Path

¥
¢ H SO\ L r
0.4 |4 \4\BY
Sviviy
o ™
The pitch p of the helix = linear distance travelled in one rotation p=T (vcos0)= (vcosB)

Example
An electron emitted by a heated cathode and accelerated through a potential difference of 2.0 kV enters a region
with uniform magnetic field of 0.15 T. Determine the radius of the trajectory of the electron if the field is -
(@) Transverse to its initia velocity(b) Makes an angle of 30° with the initid velocity [Gven : m, =9 10-3! kg]

Solution

1o 2V [2x16x1077 x2x10° 8 107 my
2mv eV > v m 9><10’31 3 m/s
mv  9x107*! x(8/3)x10’
(a) Radius r; = — = =9 =103m = Imm
qB 16 x107°7 x015
mvsin 0

1
(b) Radius r, = = ry5in@ =1 sin30 =1 5 = 0.5 mm

qB
MOTION OF CHARGED PARTICLE IN COMBINED ELECTRIC AND MAGNETIC FIELDS

Let a moving charged particle is subjected simultaneously to both electric field E and magnetic field B.

> >

The moving charged particle will experience electric force IEE :qE and magnetic force IEm =q(vxB) -

Net force on the charge particle IE:q(I:Z+\7><B) "Lorentz-force"

Depending on the direction of G,E and B various situation are possible and the motion in general

is quite complex.

Case 1 : V, E and Ball the three are collinear :
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—_E 5
P — A
q a

—

B

As the particle is moving parallel or antiparallel to the field. The magnetic force on it will be zero

_daE
m

and only electric force will act So, acceleration of the particlea =

8|

Hence, the particle will pass through the field following a straight line path (parallel to the field) with
change in its speed.

In this situation speed, velocity, momentum and kinetic energy all will change without change in direction
of motion as shown in figure above.

Case II : ¥, E and B are mutually perpendicular :

W

If in this situation direction and magnitude of E and B are such that

L F
Resultant force F=F +F =0 =a=—=0
m

Then as shown in fig., the particle will pass through

E
the field with same velocity ** F=F ie. qE=quB= V:E

Example

A beam of protons is deflected sideways. Could this deflection be caused by

(i) a magnetic field (ii) an electric field? If either possible, what would be the difference?
Solution

Yes, the moving charged particle (e.g. proton, a-particles etc.) may be deflected sideway either by an
electric or by a magnetic field.

(i) The force exerted by a magnetic field on the moving charged particle is always perpendicular
to direction of motion, so that no work is done on the particle by this magnetic force. That
is the magnetic field simply deflects the particle and does not increase its kinetic energy.

(ii) The force exerted by electric field on the charged particle at rest or in motion is always along
the direction of field and the kinetic energy of the particle changes.
Example
A neutron, a proton, an electron an Q-particle enter a region of constant magnetic field with equal

velocities. The magnetic field is along the inwards normal to the plane of the paper. The tracks of
the particles are shown in fig. Relate the tracks to the particles.

X X X
BX X X
A X

X X
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Sol. Force on a charged particle in magnetic field F=q (i xB)
For neutron q=0, F=0 hence it will pass undeflected i.e., tracks C corresponds to neutron.
If the particle is negatively charged, i.e. electron. F =—e(V x B)

It will experience a force to the right; so track D corresponds to electron.

If the charge on particle is positive. It will experience a force to the left; so both tracks A and B
corresponds to positively charged particles (i.e., protons and a-particles). When motion of charged particle
perpendicular to the magnetic field the path is a circle with radius

mvo o m [m] _[4_m] . [2] _m [m} {m}
r= 4B i.e. q and as a), %0 while al, e = a/, q

So r>r = track B to a-particle and A corresponds to proton.

Example

An electron does not suffer any deflection while passing through a region. Are you sure that there
is no magnetic field? Is the reverse definite?

Solution

If electron passing through a certain region does not suffer any deflection, then we are not sure that
there is no magnetic field in that region. This is due to that electron suffers no force when it moves
parallel or antiparallel to magnetic field. Thus the magnetic field may exist parallel or antiparallel to
the direction of motion of electron.

The reverse is not true since an electron can also be deflected by the electric field.
Example

In a chamber, a uniform magnetic field of 8 10 T is maintained. An electron with a speed of
4.0 10°m/s enters the chamber in a direction normal to the field.

(a) Describe the path of the electron.

(b) What is the frequency of revolution of the electron?

-

What happens to the path of the electron if it progressively loses its energy due to collisions
with the atoms or molecules of the environment ?

(c

Solution

mv  9.1x1073! x4 x10°
(a) The path of the electron is a circle of radius r=——= 19 2= 2.8 107%2m
Be 16x10 x8x10

The sense of rotation of the electron in its orbit can be determined from the direction of the centripetal

force. F= - e (V B ) . So, if we look along the direction of B , the electron revolves clockwise.

(b) the frequency of revolution of the electron in its circular orbit

eb 1.6 x10719 x8.0x1074
27m 271x9.1x10731

f = Hz = 22.4 MHz

(c) Due to collision with the atomic consistent of the environment, the electron progressively loses
its speed. If the velocity vector of the electron remains in the same plane of the initial circular
orbit after collisions, the radius of the circular orbit will decrease in proportion to the decreasing
speed. However, in general, the velocity of the electron will not remain in the plane of the initial
orbit after collision. In that case, the component of velocity normal to B will determine the radius

of the orbit, while the component of velocity parallel to B remains constant. Thus, the path
of the electron, between two collisions is, in general, helical. But an important fact must be noted:
the frequency of orbital revolution remains the same, whatever be the speed of the electron.
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Example

A beam of protons with velocity 4 10° m/s enters a uniform magnetic field of 0.3 tesla at an angle
of 60 to the magnetic field. Find the radius of the helical path taken by the proton beam. Also find
the pitch of helix. Mass of proton=1.67 10727kg.

Solution

mv sin 0

Radius of helix r= B (..component of velocity L to field is vsin)

vsind

w

1.67x10727 )4 x10°),[>

(1.6x10719)0.3

Again, pitch p=vcos® T (where T=V )

_veosOx2mr  cos60°x2mx (1.2 xlO_Z)

p= - - = 4.35 102m=4.35cm
vsin 0 sin60°

Example

The region betwen x = 0 and x = L is filled with uniform, steady magnetic field BOl;' A particle
of mass m, positive charge q and velocity voi~ travels along X-axis and enters the region of 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.

(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 2.1 L.

Solution

(a) The particle is moving with velocity vof, perpendicular to

magnetic field BOIE. Hence the particle will move along )FO: o |,
. . _ Vo o oON\Ja
a circular arc OA of radius r = 4By I35
o A
Let the particle leave the magnetic field at A. 30
C (0] 0]
From ACDA, sin60 o2 =5 L1 = wsing0 =5 L = oo
rom , sin60 =" ="" =1L = rsin =3 "L = 248,
(b) As the magnetic field extends upto 2.1 L i.e., L > 2r,

so the particle completes half cycle before leaving the magnetic
field, as shown in figure.

The magnetic field is always perpendicular to velocity vector,

therefore the magnitude of velocity will remain the same.
o mm —Wl

~.Final velocity = v (-i)=-v,i Time spent in magnetic ﬁeld:z:qBO
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Example
A uniform magnetic field with a slit system as shown in fig. is to be used as a momentum filter for high energy
charged particles. With a field of B tesla it is found that the filter transmits a-particle each of energy 5.3 MeV.
The magnetic field is increased to 2.3 B tesla and deuterons are passed into the filter. What is the energy of each
deuteron transmitted by the filter ?

© ®
© ®
© ®
= =
Source Detector
Solution
+2q2B?
In case of circular motion of a charged particle in a magnetic field . E = .
m
S dine to the o blom () = *(2¢)° B E) - ?(e)°(23B)" £, (23) x4
o according to the given problem (E), 2(4m) and (E), 2(zm) o £ o

529
= (), = (6.3) > - 14.02 MeV

Example
A charged sphere of mass m and charge q starts sliding from rest on a vertical fixed circular track of radius R
from the position as shown in figure . There exists a uniform and constant horizontal magnetic field of induction
B. Find the maximum force exerted by the track on the sphere.

Sol. Magnetic force on sphere F_ = quB (directed radially outward)

2 2
mv
= N-= R + mg sin 6 + quB

** N-mgsin 6 - quB =

2mgR
Hence, at 0 = n/2 we get N = Rg + mg + qB/2gR = 3mg + gB,/2gR

Example
An electron gun G emits electrons of energy 2keV travelling in the positive x-direction. The electrons are
required to hit the spot S, where GS = 0.1m, and the line GS makes an angle of 60 with the x-axis, as shown
in the figure. A uniform magnetic field B parallel to GS exists in the region outside the electron gun. Find the
minimum value of B needed to make the electron hit S.
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Sol.

2E, 1
L

The velocity of the electrons emitted by electron gun along x-axis, is v =

The velocity of the electron can be resolved into two components v cos 0 and v sin 6, parallel and perpendicular
to the magnetic field respectively. Due to component v cos 6 electron will move in the direction of magnetic field
with constant speed v cos 0 but due to component v sin 0, it will move on a circular path in the plane L to
magnetic field. Hence electron will move on a spiral path. As electrons are required to hit the spot S, hence
distance travelled by electron in one time period along the direction of magnetic field must be just equal to GS.
The electrons may also hit the spot S after two or more time periods but minimum value of B is required

As per above discussion,

GS = Distance travelled along the direction of magnetic field in one time period

2nm  [2E, 2nm [2E _1
(vcos®) T =wvcos 6 B A\ m cos 0 B .. B= o cos 0 2mm q%(GS)

\/2 x2x16x107  c0s60°x 2x314 x91x1073!
91x107%! 16x107'? x01

=468 102 T

MOVING COIL GALVANOMETER

A galvanometer is used to detect the current and has moderate resistance.

Principle. When a current carrying coil is placed in a magnetic field, it experiences a torque given
by t = NiAB sin § where 0 is the angle between normal to plane of coil and direction of magnetic
field. In actual arrangement the coil is suspended between the cylindrical pole pieces of a strong magnet.
The cylindrical pole pieces give the field radial such that sin 6=1 (always). So torque 1=NiAB If C is torsional rigidity

(i.e., restoring couple per unit twist of the suspension wire), then for deflection 9 of coil T=C0. In equilibrium we

AB
C

have external couple = Restoring couple i.e.CO=NiAB or 0= iie, Boci

In words the deflection produced is directly proportional to current in the coil.

NAB

The quantity — = C is called the current sensitivity of the galvanometer. Obviously for greater
i

sensitivity of galvanometer the number of turns N, area of coil A and magnetic field B produced by
pole pieces should be larger and torsional rigidity C should be smaller. That is why the suspension wire

is used of phosphor bronze for which torsional rigidity C is smaller.

34
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CONVERSION OF GALVANOMETER INTO AMMETER
An ammeter is a low resistance galvanometer; used to measure current directly in amperes and is always
connected in series with the circuit. To convert a galvanometer into ammeter, a low resistance, called

shunt, is connected in parallel to the galvanometer as shown in figure.

2 4
\ 4
©

Let i be the current in galvanometer for its full scale deflection and G the resistance of galvanometer.

Let i is the range of ammeter and i the current in shunt S. Then potential difference across a and

b is

V, = i G = iS. ...(i)
At junction a, i=ig + ig i.e., is=i—ig

N~ g . e .S
Therefore from (i) 1QG = (1—1Q)S or 1g(S+G) = iS i.e., i, = S+G1...(11)

This is the working equation for conversion of galvanometer into ammeter. Here i, < i

y , 1,G S (1)
From (ii) shunt required S= i1, If i, << i, S= Ll)
1 1 1 SG
The resistance of ammeter R, so formed is given by R. = E+ S = R, = S+ G ... (iii)
A

Note: Equation (ii) may also be used to increase the range of given ammeter. Here G will be resistance

of given ammeter, S shunt applied, i, its initial range and i the new range desired.

CONVERSION OF GALVANOMETER INTO VOLTMETER
A voltmeter is a high resistance galvanometer and is connected between two points across which potential
difference, is to be measured i.e., voltmeter is connected in parallel with the circuit. To convert a

galvanometer into voltmeter, a high resistance R in series is connected to the galvanometer.

_.9__>_©_/vvv\/\__>9_
R

If V is range of voltmeter, then i = or resistance in series R =7 L
g 8 R+G lg ()
This is working equation for conversion of galvanometer into voltmeter.
The resistance of voltmeter so formed is R, = R+G ...(ii)
Note: Equation (i) may also be used to increase the range of voltmeter. If V  is initial range and V

\Y%
R+G

V
is new range of voltmeter, then i, = EOZ
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SOME WORKED OUT EXAMPLES

Example#1
Current i = 2.5 A flows along the circle x? + y?> = 9 cm? (here x & y in c¢m) as shown. Magnetic field at point (0,
0, 4 cm) is
AY
R _7 - o e o = ( ~)
@) (36mx107T)k ®) (367 x107T)(-k) © (5 x107T)k @) [Fx107T (&
Solution Ans. (A)
Magnetic field on the axis of a circular loop
D2 2 -4
_ [“_0] «2MR _jo7 ZmxZ5x3 10 ¢ (9—nx10’5Tjk ~ (367 x107T)k
4n/  (R? +22)3/ 125x10 25
Example#2

There are constant electric field EOJ7 & magnetic field Bk present between plates P and P'. A particle of mass

m is projected from plate P' along y axis with velocity v,. After moving on the curved path, it passes through

point A just grazing the plate P with velocity v,. The magnitude of impulse (i.e. FAt = Ap) provided by magnetic

force during the motion of particle from origin to point A is :-

Aky

@ ®© © o 06 o0

E o o o o obkog

A m 'Vz P
o ® 5 © ©
ovp/ @ © © 6 0
m
o) ® © © © @ P”‘
(A) m|v,-v | (B) my/v? +v: (C) mvy, (D) mv,
Solution Ans. (D)

Electric force is only responsible for the change in momentum along y-axis. Therefore impulse provide by
magnetic force is J, = mv,,.

Example#3
Three identical charge particles A, B and C are projected perpendicular to the uniform magnetic field with
velocities v, v, and v, (v, < v, < v,) respectively such that T,, T, and T, are their respective time period
of revolution and r,, r,and r, are respective radii of circular path described. Then :-

I. I, I, r T. ry

& 17 T B) T, <T,<T, © 71 <7 <7 O =r1,=r

1 2 3 1 TZ T3
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Solution Ans. (C)
2mm mv r
T 9B r= B = ? o« v
Example#4

An infinitely long straight wire is bent as shown in figure. The circular portion has a radius of 10 cm with its
center O at a distance r from the straight part. The value of r such that the magnetic field at the center O of the
circular portion is zero will be :-

S
S
r
s
10 20 1 5
(A) — cm (B) — cm (©) — cm D) 2 em
T T 5n T
Solution Ans. (A)
I I 1
Bcircular loop — _Bwire = H—O = “'_o = r = —Ocm
’ 2x10 2nr T

Example#5
Two cylindrical straight and very long non magnetic conductors A and B, insulated from each other, carry a
current I in the positive and the negative z-direction respectively. The direction of magnetic field at origin is

@A) _§ B) +{ © j D) - j
Solution Ans. (C)

G

<

<
S

Example#6
The magnetic force between wires as shown in figure is :-

Ll 4

H0112 (X+L] u0112 (2){+L] Lol [X+L]
Bol [ 222 Bolll  (2x4L Bl
(@A) % M Ty B) % ok @ o N (D) None of these

37



JEE-Physics ] ALLEN

OTA (RAJASTHAN

Solution

i}

Magnetic field at dr, B =
27

Force on small element at a distance r of wire of length L is dF = i(dp

Ll 4

F_ MOiIJ~x+Li: “Oilén[X+Lj
21 Yx 271 X

Example#7
A wire carrying a current of 4A is bent in the form of a parabola x* + y = 16 as shown in figure, where x and

y are in meter. The wire is placed in a uniform magnetic field B =5k tesla. The force acting on the wire is

AY

(A) 80jN (B) - 80jN (©) -160j N (D) 160 j N
Solution Ans. (C)

F=1(7xB)=4(8i x5k) =-160 j N

Example#8
A conducting coil is bent in the form of equilateral triangle of side 5 cm. Current flowing through it is 0.2 A. The
magnetic moment of the triangle is :-

(A) V3 102 A-m? (B) 2.2 10* A-m? (C) 2.2 10?2 A-m? (D) ¥3  10"* A-m?
Solution Ans. (B)
Magnetic moment of current carrying triangular loop M = IA
(1 J3x5x1072)
M=O.2L§X5X102X#J: 292 104 A-m2
Example#9

A disc of radius r and carrying positive charge q is rotating with angular speed ® in a uniform magnetic field B
about a fixed axis as shown in figure, such that angle made by axis of disc with magnetic field is 0. Torque
applied by axis on the disc is

Fixed axis
2B : e ZB i e
@A) qor : sin clockwise (B) q(or%’ anticlockwise
2B : e 28 i e
(& aor = 5 = , anticlockwise (D) wTsm’ clockwise
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Ans. (D)
M z -~ = 2B si
2.9 S w:rz‘MxB‘zw(clockwise)
L 2m 2m )
Example#10

A particle of mass m and charge q is thrown from origin at t = 0 with velocity 2i + 3]T+ 4k units in a region with

m

q_B’ an electric field E is switched on, such that particle moves

uniform magnetic field 2i units. After time t =

on a straight line with constant speed. E may be

(A) -8j+6k units (B) _i -9k units (C) —12j+9k units (D) 8j—6k units
Solution Ans. (A)

mTm - - ~ ~ - — . - ~
At t= q_B’ V=21_3J_4k; For net force to be zero qvxB+gE=0 = E=-VxB =-8j+6k

Example#11
q
A particle of specific charge —=7'C><1010Ckg’1 is projected from the origin along the positive
m

x—axis with a velocity of 10° ms™ in a uniform magnetic field B = —2 x 103k tesla. Choose correct alternative(s)

(A) The centre of the circle lies on the y-axis
(B) The time period of revolution is 1077 s.

(C) The radius of the circular path is ;mm

. . 1 -7 . 57
(D) The velocity of the particle at t = ZXlO s is 10°jm /s

Solution Ans. (A,B,C,D)
F= q(\7 Xé) , v=10%], B=-2x103%k = Force will be in y-direction
= Motion of particle will be in xy plane Ay
27m 27
. . T = = = 10775
Time period qB nx10° x2x107°
T
i f h v 10° —Exlo’e’m—émm Ta
Radius of path =" 5= " 100 53107 = n
T 107 . . . . N =0 *
At t = ZZ n s. Velocity of particle will be in +y direction.
Example#12
A circular current carrying loop of radius R is bent about its diameter by 90 and
placed in a magnetic field B = Bo(f+ j) as shown in figure.
(A) The torque acting on the loop is zero
R/ . .
(B) The magnetic moment of the loop is (—i - j) >
X

(C) The angular acceleration of the loop is non zero.

(D) The magnetic moment of the loop is
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Solution Ans. (A,B)
-~ ImR?%?/, . o _ -~ =
M= T (—1—]), T=MxB=0
2
Example#13
A current-carrying ring is placed in a magnetic field. The direction of the field is perpendicular to the plane
of the ring-

(A) There is no net force on the ring.

(B) The ring will tend to expand.

(C) The ring will tend to contract.

(D) Either (B) or (C) depending on the directions of the current in the ring and the magnetic field.

Solution Ans. (A,D)
Net force = 0 and ring will tend to expand/contracts depending on I & B.

Example#14 B
In the given figure, B is magnetic field at P due to shown segment AB of an infinite
current carrying wire. A loop is taken as shown in figure. Which of the following
statement(s) is/are correct. C

[, ) Kol
B-d/ = _ oo
@ ¢ boi (B) B- oo A
(C) Magnetic field at P will be tangential (D) None of these
Solution Ans. (C)

Magnetic field at P is tangential.

Example#15 to 17
Two charge particles each of mass ‘m’, carrying charge +q and connected with each other by a massless
inextensible string of length 2L are describing circular path in the plane of paper, each with speed

qB,L -
v = —"— (where B, is constant) about their centre of mass in the region in which an uniform magnetic field B
m

exists into the plane of paper as shown in figure. Neglect any effect of electrical & gravitational forces.

X X X X X X ><V><

x YW o x x x x x x
15. The magnitude of the magnetic field such that no tension is developed in the string will be
B0
@A) > (B) B, (C) 2B, (D) 0
16. If the actual magnitude of magnetic field is half to that of calculated in part (i) then tension in the string will be
3 q°BIL ’BIL 2q°B’L
(A) _q_o (B) zero (©) q_o (D) q—O
4 m 2m m
3 qugL
17. Given that the string breaks when the tension is T = 1 . Now if the magnetic field is reduced to such a
m
value that the string just breaks then find the maximum separation between the two particles during their
motion
(A) 16 L (B) 4L (C) 14L (D) 2L
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Solution
15. Ans. (B)
mv® q@ T @2(1
T+ quB = L S
qvB
B,L 2
T=0; :q[qrrf jB - =~ = B=B,
16. Ans. (C)
T 2 2 22
®—> T+ quB, _mv m(qB,L) _q(qBOL) Xﬁz q°B,L
qv(B0/2) 2 R ’ m?R m 2 2m
17. Ans. (C)

A Maximum reperation = 2R + (2R - 2L)

mv
T + quB =

= B=B/4 = R =4L = maximum seperation =16L - 2L= 14L

Example#18 to 20

Curves in the graph shown give, as functions of radial distance r, the magnitude B of the magnetic field inside
and outside four long wires a, b, ¢ and d, carrying currents that are uniformly distributed across the cross
sections of the wires. The wires are far from one another.

B
ga
Vo b c
d
r
18. Which wire has the greatest radius?
A) a (B) b C)c D) d
19. Which wire has the greatest magnitude of the magnetic field on the surface?
(A) a B)b Q) c (D) d
20. The current density in wire a is
(A) greater than in wire c (B) less than in wire c
(C) equal to that in wire ¢ (D) not comparable to that in wire ¢ due to lack of information
Solution
18. Ans. (C)
Inside the cylinder : B = bol r..() 5
yli : o ol
. . Bl i
Outside the cylinder .. B =——__ii) J
27y

Inside cylinder B oc r and outside B oc —
r

So from surface of cylinder nature of magnetic field changes.
Hence it is clear from the graph that wire ‘c’ has greatest radius.
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19. Ans. (A)
Magnitude of magnetic field is maximum at the surface of wire ‘a’.

20. Ans. (A)

Inside the wire B(r) = ;_701%“ (:1—]? = ;_;RLZ i.e. slope o R~ current density.
It can be seen that slope of curve for wire a is greater than wire c.
Example#21
Column-I gives some current distributions and a point P in the space around these current distributions. Column-
II gives some expressions of magnetic field strength. Match column-I to corresponding field strength at point P

given in column-II

Column - 1 Column - II
3p,i
(A) A conducting loop shaped as regular hexagon of side x, (P)
. . . . 32mx
carrying current i. P is the centroid of hexagon
. . . . . V3u,i
(B) A cylinder of inner radius x and outer radius 3x, carrying (Q) _—
current i. Point P is at a distance 2x from the axis of X
the cylinder
i
(C) Two coaxial hollow cylinders of radii x and 2x, each carrying (R) L
. . . o . . . 2x
current i, but in opposite direction. P is a point at distance
1.5x from the axis of the cylinders
i
(D) Magnetic field at the centre of an n-sided regular (S) ;—O
polygon, of circum circle of radius x, carrying current T
i, n = oo, P is centroid of the polygon. (T) Zero
Solution Ans. (A) > (Q) ; B) = (P); (C) = (S); (D) > (R)

Kol . ) \Euoi
ForA: B, =6 x————— 30°+sin30°) = ———
or i 47‘c(xsin60°)[sm s ] X Ak
A
—x—>

B :—”Oi :_“Oi
For C: ™% “on(1.5x)  3mnx

P

i

For D : If n — o0, n sided polygon — circle so B = 9
X
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Example#22
A very small current carrying square loop (current I) of side 'L' is placed in y-z plane with centre at origin of the
coordinate system (shown in figure). In column-I the coordinate of the points are given & in column-II magnitude

of strength of magnetic field is given. Then

PZ(O’ a’ O)
.ps(a, a, 0)

jP
D P& 0,0

£
Column 1 Column 1I
uOIL2
(A) At point O (0, 0, 0) (P) 3
2ma
2+2p,1
(B) At point P, (a, 0, 0) (here a > > L) Q) %
T
/5 1L
(@] At point P_ (0, a, 0) (here (a > > L) (R) i .3
2 l6ma
' Ko 2
(D) At point P, (a, a, 0) (here a > > 1) (S) 4na’
U \/gIL2
(T) i3
4ma

2.  Ans. (A) > (Q; (B) > (P); (C) > (S); (D) > (R)

ol [ T n} Z\EMOI
. B, =4 x——"——|sin—+sin— |=——>
For A: B an(L/2)L 4 =3
M
2[—0)(&2)
For B: g _ 2kM __Mn _ MOILZ
o 3 a’ 2na’
[MOJ(ILZ)
2
FOI‘C:B :k_M_ 4rn ZMOIL
Po 8 a’ 4rma’
“oj 2
— [\IL
i (o L ro[1] - B

1
For D : B, =—- 1+3cos’ 0 where cosf=—==B
r

N 2/ lém’
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