MAGNETIC EFFECT OF CURRENT AND MAGNETISM

o o

Magnetism Field

Magnets are familiar objects. The word magnetism is derived from the province of Magnesia where the ancient
Greek mine magnetic, also known as lodestone, a mineral composed of iron oxide which attracts iron.

If you ask the average person what “magnetism” is, you will probably be told about the magnets those are used to
hold notes on refrigerator door, or keeping paper clips in a holder or may be about lead stone (naturally occurring
magnet).

Scholars still dispute about the origin of magnetism. It is believed that magnetism was originally used, not for
navigation, but for geomancy (“foresight by earth”) and fortune-telling by the Chinese. Chinese fortune tellers used
lodestones to construct their fortune telling boards.

From Chinese text, it is known that magnetic compass (used for navigational purpose) is an old Chinese invention.
An old Indian literature dates it to as back as 4th century. The compass was used in India was known as the matsya
yantra, because of the placement of a metallic fish in a cup of oil.

Earth’s Magnetic Field :

It is understood that a compass needle points along the horizontal component of Earth’s magnetic field (a property

called declination).
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Earth’s Geomagnetic North acts as a south pole of a magnet, while its Geomagnetic South acts as a North Pole of a
magnet.

As shown in the diagram, the axis of the dipole makes an angle of about 11.5° with earth’s rotational axis. The axis
of dipole makes an angle of about 11.5° with the earth’s rotational axis. And Earth’s rotational axis makes an angle of
23.5° with the normal to the plane of earth’s orbit about the sun.

Elements of earth’s magnetic field :

The earth’s magnetic field is characterized by three quantities : declination
@) Declination pe) _
(b) Inclination or dip B MN 5 «:Angle ofdie
(©) Horizontal component of the field B. —— Earth's
p, Magnetic field
Geographical Magnetic
Meridian Meridian
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Pole Strength Magnetic Dipole and Magnetic Dipole Moment :

A magnet always has two poles ‘N’ and ‘S’ and like poles of two magnets repel each other and the unlike poles of two
magnets attract each other they form action reaction pair.

—F F— «—F F—>
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@) (ii)
The poles of the same magnet do not come to meet each other due to attraction. They are maintained we cannot get

two isolated poles by cutting the magnet from the middle. The other end becomes pole of opposite nature. So, ‘N’
and ‘S’ always exist together.

A C B A C C B

N s] = |[N s| [N s]

They are known as +ve and —ve poles. North pole is treated as positive pole (or positive magnetic charge) and the
south pole is treated as —ve pole (or —ve magnetic charge). They are quantitatively represented by their "POLE
STRENGTH” +m and —m respectively (just like we have charges +q and —q in electrostatics). Pole strength is a scalar
quantity and represents the strength of the pole hence, of the magnet also).

A magnet can be treated as a dipole since it always has two opposite poles (just like

in electric dipole we have two opposite charges —q and +q). It is called MAGNETIC |
+m
DIPOLE and it has a MAGNETIC DIPOLE MOMENT. It is represented by |\’7| Jtisa £,

I€

vector quantity. It’s direction is from —m to +m that means from ‘S’ to ‘N”)

M=m.® here ® =magnetic length of the magnet. ® is slightly less than o (it is geometrical length of the magnet
= end to end distance). The ‘N’ and ‘S’ are not located exactly at the ends of the magnet. For calculation purposes
we canassume ® =@ [Actually ® / ® ~0.84].

The units of m and M will be mentioned afterwards where you can remember and understand.

[ Y
( . J )

) Inverse square law (Coulanb law) : The magnetic force between two isolated magnetic poles of strengthm andm,
lyingat adistance 'r' is directlyproporticnal to the product of pole strength and irverselypraeortional to the square
of distance between their centres. The megnetic foroe between the poles can ke attractive or repulsive according to
the rature of the poles.

Fm o mlm2

Ko (s1)

F,=k 1’1’11121’12 where k an
T 1 (C.GS.)

1
2
r
Inverse square law of Coularb inmagnetiam is aoplicable only for two long bar magents becasue isolated poles
carot exist.
) If amegnet is cut into two equal parts along the length then pole strength is reduced to half and length remains
m M

unchanged. New magnetic dipole moment M'=m' (®) = x1 = 5

The new magnetic dipole marent of each part becaores half of original value.

F «

m

m'=(m/2), x ('= ¢
M / > +m m m'=m =412
e — %S N S N
s M >N N — AN '
1 M'= mx £=M ;
M=mx/ M’ = (m/2) x ¢'= M/2 272 i
\ J
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.

(@ Ifamagnet is cut into two equal parts transverse to the length then pole strength ramains unchanged and length

@) The magnetic dipole marent of a magnet is equal to product of pole strength and distance between poles.

© As magnetic moment is a vector, in case of two magnets having magnetic moments M, and M, with angle 0
between theam, the resulting magnetic marent.

1
is reduced to half. New magnetic dipole manent M'=m (Ej =—.

The new magnetic dipole marent of each part becares half of original value.

M= m®

—(—

M, sin 0
M=[M + M} + 2MM,cos0] ~ witn mn¢:{ 2 }

M, + M, cos6

Magnetic Field and Strength of Magnetic Field :

(@

The physical space around a magnetic pole has special influence due to which other pole
experience a force. That special influence is called MAGNETIC FIELD and that force is called ‘MAGNETIC
FORCE’. This field is qualitatively represented by ‘STRENGTH OF MAGNETIC FIELD’ or “MAGNETIC

1
INDUCTION” or “MAGNETIC FLUX DENSITY”. It is represented by B. It is a vector quantity.

1
Definition of B: The magnetic force experienced by a north pole of unit pole strength at a point due to some
other poles (called source) is called the strength of magnetic field at that point due to the source.

1

. r F
Mathematically, B=—
m

1
Here F = magnetic force on pole of pole strength m. m may be +ve or —ve and of any value.

1
S.I. unit of B is Tesla or Weber/m, (abbreviated as T and Wb/m?).
We can also write i: = m]l3 . According to this direction of on +ve pole (North pole) will be in the direction of field

1
and on —ve pole (south pole) it will be opposite to the direction of B.

¥y .z .
®_>? andF<_@

The field generated by sources does not depend on the test pole (for its any value and any sign).

s
B

1
B due to various source
@) Due to a single pole :
(Similar to the case of a point charge in electrostatics)

——
) °

m
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g oM
“\4n)r?
This is magnitude

Direction of B due to north pole and due to south poles are as shown

s
1 !
1 .

N 5

B<—o----N?-----o—>B o—>-----S-:.- -—e
L i

T
in vector form B=| Mo %?
d)r

here m is with sign and } = position vector of the test point with respect to the pole.

(i) Due to a bar magnet :

(Same as the case of electric dipole in electrostatics) B.. T

Independent case never found. Always ‘N’ eqll{'tor'al ~!
ine :

(v3]

and ‘S’ exist together as magnet.

for a<<r

ﬂwl <<

. Ho
t A (on th =2|—
at A (on the axis) (415]

9]
M
at B (on the equatorial) =— [—Oj WL, afsr

47 ) r
At General point :
B, =2 Ko |Mcos6
4n B
Lo |Msin®
B, =2|—
" [4nj r
_ MM 2
Brcs 4TCr3 1+3COS 6
B, _tan@
tan ¢ = B, ~ T

MAGNETIC FIELD LINES (By Michal Faraday)
In orcer to visualise amegretic field graphically, Midal faraday introduced the concspt of field lines.
Field lines of megretic field are imeginary lines which represents direction of magnetic field contimously.
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Magretic field lines are closed curves.
Tangent drawn at any point on field line represents direction of the field at that point.
Field lires never intersects to each other.
At any place crowded 1ines represent stronger field while distant lines represents weaker field.
Inany regian, if field lines are equidistant and straight the field is uniformotherwise not.

SeslSSSiiaan Non-uniform Field
—
e ———
/—’\
> —
R ————
—_—
—_—
not constant not constant

Both magnitude

and direction are
not constant

Uniform Feld
_
_—

R ——
—_—
Both magnitude
and direction are
constant

fd) Magretic field lines erarate fram or enters in the surface of amegreticmaterial at any angle.
{dl) Magretic field lires exist inside everymegretisedmaterial .
fail) Magnetic field lines can be mapped by using iron dust or using campass needle.

Magnetic Lines of Force of a Bar Magnet :

Sol.

<
<

Find the magnetic force on a short magnet of magnetic dipole moment M, due to another short magnet of

magnetic dipole moment M .

To find the magnetic force we will use the formula of ‘B’ due to a magnet. We will also assume m and —m as pole
strengths of ‘N’ and ‘S’ of M. Also length of M, as 2a. B, and B, are the strengths of the magnetic field due to

M, [

AA

S N

|
=

N|
r g

1M,

M, at +m and —m respectively. They experience magnetic forces F, and F, as shown.

Ho M,
— — m
Fi=2 [4nj(r—a)3

and F, = Z(H—OJLm

4 ) (r +a)’

4

Ho
]Mm
T 1

Frestl_F2=2 (_

H(r —1a>3]_[(r +1a)3 H

Z
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By using acceleration, Binomial expansion, and neglecting terms of high power we get

(R0 ) Mm |4 32 4 33
Fr052(4n] r3 |: r r

Ko M1m 6a Ko M13M2 Ho M»]Mz
:2_—_:2_—:6——4
4n) 2 r 4n) r* An) r
Direction of F__ is towards right.

Alternative Method :

g Mo M dB _ mo My
4n r3 ar 4n 4

dB 1o ) 6MM,
FeMy = F(4nj =

Ex. A magnet is 10 cm long and its pole strength is 120 CGS units (1 CGS unit of pole strength = 0.1 A-m). Find the
magnitude of the magnetic field B at a point on its axis at a distance 20 cm from it.

Sol.  The pole strength is m = 120 CGS units = 12A-m.
Magnetic length is 2@ = 10 cm or ® = 0.05 m.

Distance from the magnet is d = 20 cm = 0.2 m. The field B at a point in end-on position is

Mo 2Md Ko 4mad
B= 47 (d2 _}\‘2)2 = 41 (d2 _}\‘2)2

) (10_7 T—m] 4x(12A —m)x (0.05m)x (0.2m)

e =34x10°T.
A [(0.2m)? = (0.05m)?]?
Ex. Find the magnetic field due to a dipole of magnetic moment 1.2 A-m? at a point 1 m away from it in a direction
making an angle of 60° with the dipole-axis.
Sol.  The magnitude of the field is
B= u—OM\/‘I +3cos?0
4r 3
107 T-m) 1.2A-m?
= A | ] V1+3cos?60° =1.6x107T.
The direction of the field makes an angle o with the radial line where
tan® /3
tan o0 = e
2 2
Ex. Figure shows two identical magnetic dipoles a and b of magnetic moments M each, placed at a separation d, with
their axes perpendicular to each other. Find the magnetic field at the point P midway between the dipoles.
I d i [ d |
S Bb S
a a
--------  SREEEEELEEEEE S S Tr—— I—> ---------- b
P B,
N N
(a) (b)
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Sol. The point P is in end-on position for the dipole (a) and in broadside-on position for the dipole (b). The magnetic

fieldat P due to ais B, = Ho 7 along the axis of a, and that due to b is B, = Ho - parallel to the axis
47 (d/2) 4n (d/2)
of b as shown in figure. The resultant field at P is, therefore.

 24BugM

oM
_Jg2.g2 = [2 52
B Ba +Bb 47'C(d/2)3 1°+2 TEd3
The direction of this field makes an angle o with B, such that tana = B,/B, = 1/2.

Magnet in an External Uniform Magnetic Field

(same as case of electric dipole) +m
A — mB
F.=0 (for any angle) /( B
_ : 0

T=MB sin 0 B -
. P

*here 0 is angle between 5 and M

o P
Note : (i) £ acts such that it tries to make M x g
(ii) £ is same about every point of the dipole it’s potential energy is
p s

U:—MBCOSGZ—M-g —>M B

0 = 0° is stable equilibrium Me_
0 = is unstable equilibrium

for small ‘0’ the dipole performs SHM about 6 = 0° position
tT=—MBsin®; Ioa=—MBsin0

for small 6, sin 6 ~6

),

Angular frequency of SHM

_MB _2r o on T
TV T. S VB

Here I=1_ if the dipole is free to rotate = Ihinge if the dipole is hinged

Ex. A bar magnet having a magnetic moment of 1.0 x 10 J/T is free to rotate in a horizontal plane. A horizontal
magnetic field B = 4 x 103 T exists in the space. Find the work done in rotating the magnet slowly from a
direction parallel to the field to a direction 60° from the field.

Sol. The work done by the external agent = change in potential energy

= (-MB c0s0,) -(-MB cos0,) = -MB (cos 60° — cos 0°)

1 1
= 5 MB = = x(LOX 10 JT) (4 X 10°T) =021

Ex. A magnet of magnetic dipole moment M is released in a uniform magnetic field of induction B from the position

shown in the figure. Find :
(i) Its kinetic energy at 0 = 90° \gi)o
B

(ii) its maximum kinetic energy during the motion.
(iii) will it perform SHM? oscillation? Periodic motion? What is its amplitude?
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Sol. (i) Apply energy conservation at 8 = 120° and 6 = 90°
—MB cos 120°+ 0
=—MB cos 90° + (K.E.)

_ w8

KE
2

Ans.

(i) K.E. will be maximum where P.E. is minimum. P.E. is minimum at 6 = 0°. Now apply energy conservation
between 6 = 120° and 6 = 0°.
—mB cos 120° + 0
=-mB cos 0° + (KE)
3
(KB),..= 5 MB Ans.

The K.E. is max at 6 = 0° can also be proved by torque method. From 6 = 120° to 6 = 0° the torque always acts
on the dipole in the same direction (here it is clockwise) so its K.E. keeps on increases till 6 = 0°. Beyond that t
reverses its direction and then K.E. starts decreasing

. 0 =0° is the orientation of M to here the maximum K.E.

(iii) Since ‘0’ is not small.

-, the motion is not S.H.M. but it is oscillatory and periodic amplitude is 120°.

Ex. A bar magnet of mass 100 g, length 7.0 cm, width 1.0 cm and height 0.50 cm takes /2 seconds to complete an
oscillation in an oscillation magnetometer placed in a horizontal magnetic field of 25uT.

(a) Find the magnetic moment of the magnet.
(b) If the magnet is put in the magnetometer with its 0.50 cm edge horizontal, what would be the time period?

Sol. (a) The moment of inertia of the magnet about the axis of rotation is

m' 100x107 25
— (12 2y — —2\2 N2 2 = — -5 2
I 12(L-i-b) 12 [(7 x 1072)* + (1 x 107%)?] kg-m*. 6 x 10~ kg -m?.
I 47’1 4n% x25%x10°kg/m?
We have, T =27,—— or, M= 7 = 2 =27 A-m’,
MB BT

6x(25><10_6T)x%82

(b) In this case the moment of inertia becomes

m
r= 12 (L* +b?) where b’ =0.5 cm.
The time period would be
- .
MB (1))
Dividing by equation (i),

m 2 2
L2 4b
T V") Jzem? < 05cm)? 000 1o 0992x7
= = - = > > — 0. or, "= 2222275 =0.4967 s.
T VI \/m (L +b7) J(7em)? +(1.0cm) 2
12
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Magnet in an External Non-uniform Magnetic Field :

No special formulae are applied is such problems. Instead see the force on individual poles and calculate the
resistant force torque on the dipole.

Ex. Find the torque on M, due to M, in Que. 1

Sol. Due to M,, magnetic fields at ‘S’ and ‘N’ of M, are B, and B, respectively. The forces on —m and +m are F, and
F, as shown in the figure. The torque (about the centre of the dipole m,) will be

=F a+Fa=(F +F)a

2
() o M —E N
" |\4n)(r—-a) 4r (r+a) +m -m

1 1
EZ_?:M2m (r—3+r—3ja > a<<r ll l
B,F B, S
| R
-
_ HoMym ia _ koMM, Ans.

4n 3 4nr

Magnetism due to Electricity

Hans Christian Oersted was a professor of science at Copenhagen University. In 1819 he arranged in his home
a science demonstration to friends and students. He planned to demonstrate the heating of a wire by an electric
current, and also to carry out demonstrations of magnetism, for which he provided a compass needle mounted
on a wooden stand.

While performing his electric demonstration, Oersted noted to his surprise that every time the electric current
was switched on, the compass needle moved. He kept quiet and finished the demonstrations, but in the months
that followed worked hard trying to make sense out of the new phenomenon. And this is what we are going to
study now.

We have seen that currents (fundamentally moving charges) are the source of magnetism. This can be readily
demonstrated by placing compass needles near wire. As shown in Figure, all compass needles point in the same
direction in the absence of current (in the direction of earth’s magnetic field). However, when a strong current
passes through (so that earth’s magnetic field becomes negligible), the needles will be deflected along the
tangential direction of the circular path (Figure).

Figure : Deflection of compass needles near a current-carrying wire

Biot - Savart Law

Currents which arise due to the motion of charges are the source of magnetic fields. When charges move in a
conducting wire and produce a current I, the magnetic field at any point P due to the current can be calculated

1
by adding up the magnetic field contributions, dB, from small segments of the wire ds (Figure).
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Figure : Magnetic field d]lg at point P due to a current-carrying element I 4g

The segments can be thought of as a vector quantity having a magnitude of the length of the segment and
pointing in the direction of the current flow. The infinitesimal current source can then be written as I ds .

Let r denote as the distance from the current source to the field point P and ;- the corresponding unit vector. The

Biot—Savart law gives an expression for the magnetic field contribution, d]13 , from the current source, 14 ,

,u_oldgxr
2

dB =
4z r

where i is a constant called the permeability of free space :
i, = 41 x 10”7 T.M/A here Tesla (T) is SI unit of g

Notice that the expression is remarkably similar to the Coulomb’s law for the electric field due to a charge element dq :

Adding up these contributions to find the magnetic field at the point P requires integrating over the current
source.

B [ab-tol do i
4n 12

The integral is a vector integral, which means that the expression for B is really three integrals, one for each
component of f; The vector nature of this integral appears in the cross product. Understanding how to evaluate
this cross product and then perform the integral will be the key to learning how to use the Bio Savart law.

Force on a Moving Charge in Magnetic Field
Consider a charge particle 6 moving in a magnetic field B as shown in figure. At some instant its velocity is v
which makes an angle 0 with the direction of magnetic field.

F

l Vv Ccos 0
q )e /_’B
\
v sin 9—
Figure 3.1
As we known that magnetic field exerts force on a moving charge particle. It is observed that the force acting on
the charge is proportional to
(i) The magnitude of charge q on the particle
(i) The magnitude B of the magnetic field
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(iii) The component of velocity which is perpendicular to the magnetic field i.e. v sin O
Combining the above three observations :
we have F oc qBv sin 6
= F =kqBv sin 0
where k is proportionally constant. Its value is chosen arbitrarily to be unity i.e. k = 1
= F = qBv sin 0

Direction : The magnetic force acts in a direction perpendicular to both 3 and é ; that is, the magnetic force

1
is perpendicular to the plane formed by v and B . The direction of force can be calculated using right hand
thumb rule.

These results show that the magnetic force on a particle is more complicated than the electric force. The
magnetic force is distinctive because it depends on the velocity of the particle and because its direction is

- 1
perpendicular to both v and B. Despite this complicated behaviour, these observations can be summarized in
a compact way by writing the magnetic force in the form

1 T 1
F=qvxB
where the direction of the magnetic force is that or | x 11.3 which, by definition of the cross product, is perpen-

dicular to both v and Zli’ .

The S.I. unit of magnetic field is tesla (T), where 1 T =1 N/Am.
Another unit is gauss (G). 1 T=10*G

1 T is a big unit. Earth’s magnetic field is of the order or 10 T.

Right Hand Rules for Determining the Direction of the Magnetic Force Acting on a Moving Charged
Particle
Figure reviews to right—hand rules for determining the direction of the cross product 1 x 11.3 and determining the
direction of 1173. The rule in Figure depends on our right-hand rule for the cross product. Point the four fingers

of your right hand along the direction of y with the palm facing 113 and curl them toward 113 . The extended

thumb, which is at a right angle to the fingers, points in the direction of | x 11.3 . Then Ii“ is in the direction of
your thumb if q is positive and opposite to the direction of your thumb if q is negative.

B}

Figure
An alternative rule is shown in figure (b). Here the thumb points in the direction of v and the extended fingers

1 1
in the direction of B . Now, the force Fjon a positive charge extends outward from your palm. The advantage

of this rule is that the force on the charge is in the direction that you would push on something with your hand
outward from your palm. The force on a negative charge is in the opposite direction.
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Note : It 0 =07 or © = 1807, the F = 0. It means magnetic field does not extra a force on a charge particle moving
parallel or antiparallel to the magnetic field.

F is maximum if 8 = 90°, so force on the charge particle is maximum if velocity is perpendicular to the magnetic
field.

If v =0, then F = 0. A magnetic field does not exert force on a stationary charge particle.

There are important differences between electric and magnetic forces on charged particles :

(i) The electric force is always parallel or antiparallel to the direction of the electric field, whereas the magnetic
force is perpendicular to the magnetic field.

(ii) the electric force acts on a charged particle independent of the particle’s velocity, whereas the magnetic
force acts on a charged particle only when the particle is in motion and the force is proportional to the
velocity.

(iii) The electric force does work in displacing a charged particle, whereas the magnetic force does no work
when a charged particle is displaced.

This last statement is true because when a charge moves in a magnetic field, the magnetic force is always

perpendicular to the velocity. Hence, the work done by the magnetic force on the particle is zero.

From the work—energy theorem, we conclude that the kinetic energy of a charged particle cannot be altered by

a magnetic field alone. In their words, when a charge moves with a velocity, an applied

magnetic field can alter the direction of the velocity vector, but it cannot change the speed of the

particle.

Magnetic Field due to a Finite Straight Wire

A thin, straight wire carrying a current I is placed along the x-axis, as shown in Figure. Evaluate the magnetic field
at point P due to the segment shown in figure.

Figure : A thin straight wire carrying a current I

The contribution to the magnetic field due to Ids

Bl ds xF _ pold < sinf -

2 2

T
dB= =
4T r 47 r

Which shows that the magnetic field at P will in the 4 direction, or out of the page.

Simplify and carry out the integration.

The variables 0, x and r are not independent of each other. In order to complete the integration, let us rewrite the
variables x and r in terms of 6. From Figure, we have

r=a/ sin@ = a cosec ¢
x=acotd = dx =—a cosec’0d0

Upon substituting the above expressions, the differential contribution to the magnetic field is obtained as
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—_ 2 1
B _ Ml (—acosec t9d¢9)251n¢9 :H—Olsine 40
4n (a cosecd) 4ma

Integrating over all angles subtended from —0, to 0, (a negative sign is needed for O, in order to take into
consideration the portion of the length extended in the negative x - axis from the origin), we obtain

0,

1
dB _ il J‘ sindd o :u—o(cos 6, +cos b))
4na 4ma

1

The first term involving 0, accounts for the contribution from the portion along the +x axis, while the second
term involving O, contains the contribution from the portion along the —x axis. The two terms add.

Special Cases :

(@

(i)

(iii)

Magnetic field on the perpendicular bisector of a finite straight wire of length 2L

In this case where 0, = 0, = 0, the field point P is located along the perpendicular bisector. If the length of the rod

is 2L, then cos@ = L\ I? +a* and the magnetic field is

| I L

2ma 2ma (12452

Magnetic field due to semi infinite straight wire
Here 0, =90°,0,=0° or 6, = 0°,0,=90°

5o tal

4ma
Magnetic field due to infinite straight wire

Here 0, =0,=0°

_ ol
2ma

Direction of magnetic field of a straight wire

Note that in this limit, the system possesses cylindrical symmetry, and the magnetic field lines are circular, as

shown in figure
i R
b = e :;:;-1'
e €= =y
Skab Teae——Ta

In fact, the direction of the magnetic field due to a long straight wire can be determined by the right-hand rule
(Figure). If you direct your right thumb along the direction of the current in the wire, then the fingers of your
right hand curl in the direction of the magnetic field.
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Ex. Find resultant magnetic field at ‘C’ in the figure shown.
S R
\ Ce Ia
P i a
3a
Sol. It is clear that ‘B’ at ‘C’ due all the wires is directed ®. Also B at ‘C’ due PQ and SR is same.
Also due to QR and PS is same
Bres = 2(BPQ + BSP)
[ i
B,,= RO (Gin60°+sin60°), = B = — % (sin30°+sin 30°)
a i J3a
4n— 4r ¥
2 2
\/g Hol Hol 4y
B =2 + =
fes ( 2ma 2na\/§ «/gna
D c
Ex. Figure shows a square loop made from a uniform wire. Find the
magnetic field at the centre of the square if a battery is connected between .
the points B and D as shown in the figure
p gu lgggiﬁ
| .
Sol.

The current will be equally divided at D. The fields at the centre due to the currents in the wires DA and DC will
be equal in magnitude and opposite in direction. The resultant of these two fields will be zero. Similarly, the
resultant of the fields due to the wires AB and CB will be zero. Hence, the net field at the centre will be zero.

Special case :

@

(i)

If the wire is infinitely long then the magnetic field at ‘P’ (as shown in the
figure) is given by (using 0, = 0, = 90° and the formula of ‘B’ due to straight
wire) A
I
g - Moo ¥, B o I
2nr r

The direction of § at various is as shown in the figure. The magnetic lines of force will be concentric circles
around the wire (as shown earlier) . upto

If the wire is infinitely long but ‘P’ is as shown in the figure. The direction of

§ at various points is as shown in the figure. At ‘P’

I

B= Ko 1 P
4nr r

In the figure shown there are two parallel long wires (placed in the plane of

paper) are carrying currents 2I and I consider points A, C, D on the line

perpendicular to both the wires and also in the plane of the paper. The A 2 ¢ r D

distances are mentioned. Find (i) § atA,C,D :Tﬁﬁ; ------ <a—>.

a

(ii) position of point on line A C D where § is O.

B Add. 41-42A, Ashok Park Main, New Rohtak Road, New Delhi-110035
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Let us call § due to (2) and (2) as §1 and 52 respectively. Then

Sol. @)
atA: §1 is © and §2 is ®
_ ko2l and B = Mo
' 2na 2 2n2a
Brc:i:Bl_B27 Z TC_OAH
atC: 51 is ® and 52 also ®
21 I 6uel  3pgl
B =B +B,= 0= Moo 2o o gy
res a a 2na na
2n— 2n—
2 2
atD: 51 is ® and 52 is © and both are equal in magnitude.
B,.=0 Ans.
(i) It is clear from the above solution that B = 0 at point ‘D’.
Ex. In the figure shown two long wires W and W, each carrying current I are e
placed parallel to each other and parallel to z-axis. The direction of current in P Q@ a)
W, is outward and in W, it is inwards. Find the § at ‘P’ and ‘Q’. Ba
I I
Sol.  LetB due to W, be §1 and due to W, be 52. W a "
By symmetry ‘§1‘ = ‘gz‘ =B v
I ol B 609 goe B,
Ko 0
B =2B 60°=B= -—(/— = ——
- 4°% 2n2a  4ra
2a 2a
2 _ Mol=
Bp - 4TCaJ Ans. _A60° 60°
a a
" kol Kol
For Blf 2Ttx/§a’ = Bzf 2ra
a 1 g 2 : -
tane:z—g = =(B,cos 0 j)+ (B,-B,sin 0)j
B, .
1 ol . Hol — wel 2 :
n 18 _ =0 s _ i :
sin 3 5 = 2 5na ! (Zna 10na B\
: B,
2 2ugls pol 2
e = = ZP07G 4 PO
Fo° V5 5ra 5na : 5

= —
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Ex. In the figure shown a large metal sheet of width ‘w’ carries a current I (uniformly distributed in its width ‘w’. Find

the magnetic field at point ‘P’ which lies in the plane of the sheet.

—w—

Sol. To find ‘B’ at ‘P’ the sheet can be considered as collection of large number of infinitely long wires. Take a long
wire distance ‘x’ from ’P’ and of width ‘dx’. Due to this the magnetic field at ‘P’ is ‘dB’

I
—dx
Ho(w ]
dB = T omx ® x ® P
A——
due to each such wire § will be directed inwards dx
a+ w a+w
I dx dx I
~ B = IdB:H—O I J-— e e o
res 2w X X 2w a
X =a X=a

Magnetic Field due to a current carrying Arc at its centre

dl=ad0

Hy 1(adB)sin90°  puyl
== = de
4 a? 4ra

dB

Hor
47 R (8)

,Uolﬂ
B:dez%IdH Ny %A
4

Ex. An infinitely long current-carrying wire is bent into a hairpin-like shape shown in figure. Find the magnetic field

at the point P which lies at the centre of the half-circle.

I
______ 4_
p
E-“\l
I Py
——

Sol.  The total magnitude of the magnetic field is

r r r r r o r I - I~ I R
B=B,+B,+By, =2B,+B, =0 f+ £ f " 04 ok
4rr 4r drr
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Find the magnetic induction at the point O 1f the wire carrying a current I A has the shape shown 1n Fig. The

EX.
radius of the curved part of the wire is R, the linear parts of the wire are very long.

\
y 2

R

1

r r r r I - I1(37) ~ I .
= B+ By + By = 20 (- )+ 2 2Ty 4 205y
Arr dzr\ 2 Arr

Sol. B
Ex. A battery is connected between two points A and B on the circumference of a uniform conducting ring of radius
r and resistance R. One of the arcs AB of the ring subtends an angle q at the centre. Magnetic field due to
current at the centre of ring is
Sol. For a current flowing into a circular arc, magnetic induction in the centre
2
Bzﬂmjdlx’”:#w J"’ do _( Ko P
4 r3 4 r3 drr
The total current is divided into two arcs
E
I, =—
R
E E 2rE I,

T (R/2zr), (RI27r)(r@) RO

2rE
Similarly 7,0 = % = constant

E E
Iy=— o ————
R, (R/27r)I, A
E 27E
= = = constant
(R/2zr){r(2mr—-60)} RQr-0)

&(27[E_27ZEJ_9
R R

B=bi=b=y,

1
B due to Circular Loop
b — 1
At centre : Due to each d) element of the loop B at ‘c’ is inwards (in this case)

B at ‘¢c’i1s ® .

res
NI
' Ho ’
2R
N = No. of turns in the loop.

® = [ength of the loop.

T 21R”

111
N can be fraction [Z, 33 etc.] or integer.
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Direction of 113 : The direction of the magnetic field at the centre of /D i
a circular wire can be obtained using the right-hand thumb rule. If
the fingers are curled along the current, the stretched thumb will
point towards the magnetic field (figure).
£
axis. If the current is in anticlockwise direction, the magnetic field is
towards the viewer. If the current is in clockwise direction, the field
is away from the viewer.

Another way to find the direction is to look into the loop along its ! Q

Semicircular and Quarter of a circle :

1 1
.,_H_J-l-:"-lq__\q_k ") i

!

P |
N
/ L ..:.".hll IIII-II}L N -'F
. b
wl 4E.

B-

Magnetic Field due to a Circular Current Loop at a point on its axis
Consider a circular loop of radius a carrying a current i. We have to find the magnetic field at a Point P on the axis

of the loop at a distance d from its centre O. In figure

A
Tre g o ABCEER ¥ e
|'r| e S P | ¥ 5
fa R i 7 = i
| 11 ‘“'; r,l(.-"" - dEsing
£ b :
B b ___.-!t_'. = = d¥ sl .x
| e Y
5 AN -
|_ ] _._:::\1_.;,.: Py 2 - dR
g S
g Frofla s
Yo daf coss ¥ o
B

Figure shows the geometry for calculating the magnetic field at a point on the axis of a circular current loop a
distance x from its center We first consider the current element at the top of the loop. Here, as everywhere
around the loop, 14 1 is tangent to the loop and perpendicular to the vector » from the current element to the
ﬁeld point P. The magnetic ﬁeld dB due to this element is in the direction shown in the figure, perpendicular to
7 and also perpendicular to Idl The magnitude of dB is

1d1 sin90

_ My
dB =—— 3

Ay r

1
When we sum around all the current elements in the loop, the components of dB perpendicular to the axis of the
loop, such as dBy in Figure sum to zero, leaving only the components dB_ that are parallel to From Figure, we
have

Add. 41-42A, Ashok Park Main, New Rohtak Road, New Delhi-110035
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MAGNETIC EFFECT OF CURRENT AND MAGNETISM

1Q2rd*
B, desu1¢ Imn¢ Hol —dl =i ¢Idl ‘% (2 a) = f@—£4%ﬁ—2
4rr
using the facts that
r?+x?+a’
we get
_ ulQ2rad’)
47r(a2 +x? )3/2

Note : If loop has N close turns then field becomes N times the field die to one turn.

Magnetic field lines due to a circular current

A loop as a magnet :
The pattern of the magnetic field is comparable with the magnetic field produced by a bar magnet.

f - —— N ——

A
The side ‘I’ (the side from which the g emerges out) of the loop acts as ‘NORTH POLE’ and side II (the side in

which the § enters) acts as the ‘SOUTH POLE’. It can be verified by studying force on one loop due to a
magnet or a loop.
S F

A
VN e— The loop and

— —— [S_ N| the magnet

B attract each
other

The two loops
attract each
other.
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Mathematically
2 2 INZR?
__ BNIR® —  poNIR I
W oRZ1 X2 23 forx>>R =213, x3
e Ko | M
it is similar to B_, due to magnet = 2 4 )%

Magnetic dipole moment of the loop
M = IN#R?
M = INA for any other shaped loop.
Unit of M is Amp. m*
Unit of m (pole strength) = Amp. m {*> in magnet M = m®}

p —>
M=INA, o :
,K = unit normal vector for the loop. SRR\ e ..... S
To be determined by right hand rule which is also C"’)S § 4>
used to determine direction of E on the axis. It is also N
N
from ‘S’ side to ‘N’ side of the loop. M
Solenoid
(i) Solenoid contains large number of circular loops wrapped around a non-conducting cylinder. (it may be a hollow
cylinder or it may be a solid cylinder)
€« - — —|—|— -
Axis of O |
the solenoid T  aaadhd +
(i) The winding of the wire is uniform direction of the magnetic field is same at all points of the axis.
(iii) 5 on axis (turns should be very close to each others).
0
ni Bl Pp 2 0 \ P
B:“L(coselfcosez) —<-- v : €---
2 VAV
where n : number of turns per unit length. 7, v 1, !
0 M B Ao 0
cos 0 = —— ; cos = —— = — cos
1 2 + R° V25 +R? ’
ni A A ni
B= 0 1 + Z = to (cos 0, + cos )
2 \/kf+R2 \/k§+R2 2

Note : Use right hand rule for direction (same as the direction due to loop).
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Derivation

Take an element of width dx at a distance x from point P. [point P is
the point on axis at which we are going to calculate magnetic field.
Total number of turns in the element dn = ndx where n : number of
turns per unit length.

. 1oiR? . 7 7,
B = AR + x2)3/2 (ndx)
2 n I3 Iy i
B= IdB I MOZIR nd;</2 = Mo | L 2 — BoMieos0, —coso,]
2(R* +x \/k2+R2 \/k2+R2 2

@iv) For ‘Ideal Solenoid’ :
*Inside (at the mid point)
@>>R or length is infinite
0,—>0
0,>mn

_ boni
B= = [1-(-1)]

B = p,ni
If material of the solid cylinder has relative permeability ‘p’ then B = p uni
ni
At the ends B = “02
) Comparison between ideal and real solenoid :
(@ Ideal Solenoid Real Solenoid
B B
B=p,ni
[ 7 B
end centre of solenoid end x (distance -2 X 02

from centre)

Ex. A solenoid of length 0.4 m and diameter 0.6 m consists of a single layer of 1000 turns of fine wire carrying a
current of 5.0 x 10~ ampere. Find the magnetic field on the axis at the middle and at the ends of the solenoid.

. V-
(Given p, =4 x 107 A m

1
Sol.  B= - p,ni[cos 6, —cos 0,]

2
= n= 100G = 2500 per meter
0.4
i=5x1073A.
0.2 i 0.2

(i) cos 0, =

Jo32+02?7 013 / 0 \

02 \/ \J

cos 0, = ﬁ

1 2x0.2 -5
= B=—x(4xnmx107)x2500 x5 x 103 x0.2 _ mx10 T
2 J/0.13 J13
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(i) AT the end

0.4

s0, = W =0.8 / l = %
\J \J

cos 62 =¢0s90°=0

1
B x(4x7mx107)x2500 5% 10% x 0.8
= B =2r x 10 Wh/m?

Ampere’s Law :
Like Gauss’s law in electrostatics, this law provides us a simple method to find magnetic fields in cases of
symmetry.
Ampere’s law gives another method to calculate the magnetic field due to a given current distribution.

ror
Statement : The circulation N.dl of the resultant magnetic field (of a closed circuit or an infinite wire containing

steady current) along a closed path (called amperian path) is equal to p times total current crossing the area
bounded by the closed curve provided the electric field inside the loop remains constant.

Thus, ﬁd; = ptoi

In figure, the positive side is going into the plane of the diagram so that i, and i, are positive and i, is negative.
Thus, the total current crossing the area is i, + i, — i,. Any current outside the area is not included in writing the

right - hand side of equation. The magnetic field Zlg on the left-hand side is the resultant field due to all the
currents existing anywhere.
Ampere’s law may be derived from the Biot-Savart law may be derived from the Ampere’s law. Thus, the two are

equivalent in scientific content. However, Ampere’s law is useful under contain symmetrical conditions.

Justification of Ampere’s law

Let us consider a long straight wire carrying a current I in upward direction. Now take a circular path of radius
symmetric to the wire. Let us now divide a circular path of radius r into a large number of small length vectors

AS = Asé, where ¢?point along the tangential direction with magnitude As (Figure)

FT-’

Figure : Amperian loop
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1
In the limit A§ — 0, we obtain

r r
ﬁp'd“g =B NS =('u—0[j(2mf) = ol
2zr

The result above is obtained by choosing a closed path, or an “Amperian loop” that follows one particular
magnetic field line. Let’s consider a slightly more complicated Amperian loop, as that shown in Figure.

i A5y
|"|I_.l" 0 i Y,

i _.'.:.::- JI
I.H“x F "x};‘ B
X
S "'H.h

Figure : An Amperian loop involving two field lines

The line integral of the magnetic field around the contour abcda is

I r I r ' r I r I r
N;.ds - NMH NMH NB.dH Ne.ds =0+ By(,0)+0+ B[, (27— 0)]
bc cd da

abcda ab

where the length of arc be is r,0 and r (2n — 0) for arc da. The first and the third integrals vanish since the
magnetic field is perpendicular to the paths of integration. With

I I r
B, = Lo and B, = Ho®  the above expression become
2mr, 2,

T
Na.aé = ”012 0+ L 2oy = Lol g Pl 0 _ 9y i
2zr 27n 2r 2

abcda

We see that the same result is obtained whether the closed path involves one or two magnetic field lines. As
shown above example, in polar coordinates (r,) with current flowing in the +z axis, the magnetic field is given by

é =(uyl / 27r)¢ . An arbitrary length element in the polar coordinates can be written as

ds =dr i +1dg ¢

Which implies
r 1 1 1
ng: N &2 rdw:’uL N(/) :#L(Zﬂ')zluo]
2zr 2 27
closed path el iy closed path

the current

enc ’

r
In other words, the line integral of NS . dg around any closed Amperian loop is proportional to I

encircled by the loop.
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"-..-. : — - "'.R

& - o= e H ". lhr

] \’L b |

' [ { Tm ] |

I- Ill. 3 ¥ I

'._. .x "\. ST ._,.-' / |
7 3, ! F

Figure : an Amperian loop of arbitary shape

The generalization to any closed loop of arbitary shape (see for example, Figure) that involves many magnetic
field lines is known as Ampere’s law :

T
NB . dg = fuolenc

Calculation of magnetic field due to long straight wire

Figure shows a long straight current i. we have to calculate the magnetic field at a point P which is at a distance
r from the wire. Figure shows the situation in the plane perpendicular to the wire and passing through P. The
current is perpendicular to the plane of the diagram and is coming out of it.

Let us draw a circle passing through the point and with the axis as wire. We put an arrow to show the positive
sense of the circle. The radius of the circle is r. The magnetic field due to the long, straight current at any point
on the circle is along the tangent as shown in the figure. Same is the direction of the length-element dI there. By
symmetry, all points of the circle are equivalent and hence the magnitude of the magnetic field should be the
same at all these points. The circulation of magnetic field along the circle is

Nra.dm} > Nedz . BNﬂ —BQ7r)

The current crossing the area bounded by the circle is

YL, =+

Thus, from Ampere’s law,
BQ@2nr) = p 1

_ Kol
2rr
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Magnetic field due to a current carrying thin Iong pipe
Casel:r >R

ﬁ;} :NB.dz _ BN}I —BQ27r) § ‘_ ;
YL, =+ 1 E

—r4
= B27r) = pol :
- B tol ——
2rr i : :
Casell: r<R

ﬁizﬁ} =dez - BNﬂ —B(2xr)
> 1, =0

= BQan)=p(0)

Magnetic field due to a current carrying rod having uniform current density
Casel:r >R

ﬁ;} =Rt = 5Nu =BC7) CD
Z Loy =+1 11 ;—r--»

= BQar)=pl
_ Mol : : :
B= 0
= 2xr
Casell: r<R
r
Ng.dz =N9dz — BNﬂ —B(2xr) S -
e IT I
1, =—r :
Z R2 Q
= BQ2rzr)=p, Lzr2 = B= #of r H '
R 27R? :
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o

[T
JnR

Borp Boels

N

Magnetic Field Due to non uniform current density

Suppose that the current density in a wire of radius a varies with r according to J = Kr?, where K is a constant
and r is the distance from the axis of the wire. We have to find the magnetic field at a point distance r from the
axis when (a)r<aandr>a

Choose a circular path centered on the axis of the conductor and apply Ampere’s law
(@) To find the current passing through the area enclosed by the path integrate
dl = JdA = (Kr?) (2nrdr)

r K 4
= I:Idl:KIZHr3dr: o
ru ‘
Since ﬁ}?.dl =pol
Kr' K
= B27zr:,uo.7[ - = B =k
(V)] If r > a, then net current through the Amperian loop is

rKa*

1= jKrz 2xrdr =

a

poka'
4r

Ex. Consider a coaxial cable which consists of an inner wire of radius a surrounded by an outer shell of inner and
outer radii b and c respectively. The inner wire carries an electric current i, and the outer shell carries an equal
current in same direction. Find the magnetic field at a distance x from the axis where (a) x <a, (bh) a<x<b (¢)b
<x <cand (d) x > c. Assume that the current density is uniform in the inner wire and also uniform in the outer
shell.

= B=

Sol.

(@) (b)
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A cross-section of the cable 1s shown 1n figure. Draw a circle of radius X with the centre at the axis of the cable.
The parts a, b, c and d of the figure correspond to the four parts of the problem. By symmetry, the magnetic field
at each point of a circle will have the same magnitude and will be tangential to it. The circulation of B along this
circle is, therefore,

§§.d§ — B2nx

in each of the four parts of the figure.

)] The current enclosed within the circle in part b is i, so that
lo g 2
. TIX
na? a?

Ampere’s law

§§.d§= Mol gives

.2 .
inX inX

B2nx = “0+ or, B= “0—02.
a 2na

The direction will be along the tangent to the circle.
(V)] The current enclosed within the circle in part b is i, so that

_ Holg

B2mx =y, i, or, = o

(c) The area of cross-section of the outer shell is nc? — nb% The area of cross-section of the outer shell within the
circle in part ¢ of the figure is mx* — ©tb%.

io(x% —b?)

Thus, the current through this part is T This is in the same direction to the current i in the inner wire.
(c”-b%)

Thus, the net current enclosed by the circle is

C L ig® =b%)  ig(c® +x® - 2b%)
lnct - 1O i 02 i b2 e 02 i b2

From Ampere’s law,

- ig(c? +x2 —2b?) ol (c? +x2 —2b?%)
T g2 p2 o T 2mx(c?-b?)
()] The net current enclosed by the circle in part d of the figure is 2i, and hence
. Holo
B2mx = p, 21, or, B= Tx

Ex. Figure shows a cross-section of a large metal sheet carrying an electric current along its surface. The current in
a strip of width dI is Adl where A is a constant. Find the magnetic field at a point P at a distance y from the metal
sheet.

oP
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Sol. Consider two strips A and C of the sheet situated symmetrically on the two sides of P (figure). The magnetic field
at P due to the strip A is B perpendicular to AP and that due to the strip C is B, perpendicular to CP. The
resultant of these two is parallel to the width AC of the sheet. The field due to the whole sheet will also be in this
direction. Suppose this field has magnitude B.

B P
!
x %
X
B |
dl o} dl fe 14 >
The field on the opposite side of the sheet at the same distance will also be B but in opposite direction. Applying
Ampere’s law to the rectangle shown in figure.
1
2B@= 1@ or, B= 5 M, A
Note that it is independent of y.
Q
Ex. Three identical long solenoids P, Q and R are connected to each other
P
as shown in figure. If the magnetic field at the centre of P is 4 T, what ——
would be the field at the centre of Q? Assume that the field due to any ‘
solenoid is confined within the volume of that solenoid only. R
Sol. As the solenoids are identical, the currents in Q and R will be the same and will be half the current in P. The magnetic

field within a solenoid is given by B = p ni. Hence the field in Q will be equal to the field in R and will be half'the field
inPi.e., willbe 2T.

Magnetic Field due to long Solenoid :

A solenoid is a long coil of wire tightly wound in the helical form. Figure 9.4.1 shows the magnetic field lines of a
solenoid carrying a steady current . We see that if the turns are closely spaced, the resulting magnetic field inside
the solenoid becomes fairly uniform, provided that the length of the solenoid is much greater than its diameter. For
an “ideal” solenoid, which is infinitely long with turns tightly packed, the magnetic field inside the solenoid is
uniform and parallel to the axis, and vanishes outside the solenoid.

Figure : Magnetic field lines of a solenoid

We can use Ampere’s law to calculate the magnetic ﬁeldlstrength inside an ideal solenoid. The cross-sectional
view of an ideal solenoid is shown in Figure. To compute B , we consider a {ectangular path of length / and width
w and traverse the path in a counterclockwise manner. The line integral of B along this loop is

Z
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N‘a.dﬁ - N‘a.dé 4 N‘acﬁ +N‘3.d£ + N‘a.dé
| 2 3 4
0

+ 0+ Bl + 0

In the above, the contributions along sides 2 and 4 are zero because f; is perpendicular to ds . In addition, 113 = 6

along side 1 because the magnetic field is non-zero only inside the solenoid. On the other hand, the total current
enclosed by theAmperianloopis|__=n/I, where n is the total number of turns per unit length. Applying Ampere’s
law yields

I
N}dg = Bl = pynl1 B =yl

Magnetic Field due to Toroid

Consider a toroid that consists of N turns, as shown in Figure. Find the magnetic field everywhere.

Figure : A toroid with N turns

One can think of a toroid as a solenoid wrapped around with its ends connected. Thus, the magnetic field is
completely confined inside the toroid and the field points in the azimuthal direction (clockwise due to the way the
current flows, as shown in Figure.)

Applying Ampere’s law, we obtain

r
N&dg = Nds = BNiS =B@2zr)=ponl or B= HoNT
2rr

where r is the distance measured from the center of the toroid. Unlike the magnetic field of a solenoid, the magnetic
field inside the toroid is non-uniform and decreases as 1/ r .

Magnetic Field thin sheet of infinite dimension carrying a current of uniform linear current density i
e d

-

b e b e
k. jB.cose.dz+0+0+IBd1+0+o=Ide+ BIdlzBl+Bl=2Bl
a d d

a
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D1 =il = ﬁ.g’l;=u021m

_ Ml

= 2BI=p,i/ = B 5

Magnetic Field of a Moving Point Charge :

Suppose we have an infinitesimal current element in the form of a cylinder of cross-sectional area A and length
ds consisting of n charge carries per unit volume, all moving at a common velocity v along the axis of the

cylinder. Let / be the current in the element, which we define as the amount of change passing through any
cross-section of the cylinder per unit time. We see that the current I can be written as

nAq|{/| =1

Tllle total number of charge carries in the current element is simply dN = nAds, so that the magnetic field
dB due to the dN charge carries is given by

Ho (nAgIV)ds x7 _ pg (ndds)qvx? _ py (dN)qvx 7

2 2

T
dB =
4r r2 iy 4 v ar r

where r is the distance between the charge and the field point P as which the field is being measured, the unit
vector =1/t points from the source of the field (the charge) to P. To differential length vector ds is defined to

be parallel to . In case of a single charge, dN = 1, the above equation becomes

N>

T
Bt 4V
4z r2

Magnetic Force on Moving Charge

When a charge q moves with velocity {/, in a magnetic field 5, then the magnetic force experienced by moving

charge is given by following formula :
E = q(e X g) Put q with sign.
{ : Instantaneous velocity

g : Magnetic f

( A
4 |\ J N
@) EJ_S and also E¢§
(ii) » EJ_ 8 . power due to magnetic force on a charged particle is zero. (use the formula of power
P=E.{ forits proof).
(iii) Since the E 1L § so work done by magnetic force is zero in every part of the motion. The magnetic force

cannot increase or decrease the speed (or kinetic energy) of a charged particle. Its can only change the
direction of velocity.

(iv) On a stationary charged particle, magnetic force is zero.

P . S . L
(\J) If V| §, then also magnetic force on charged particle is zero. It moves along a straight line if only

magnetic field is acting.
G S
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Ex. A charged particle of mass 5 mg and charge q =+2uC has velocity 8 =2i— 3] + 4k . Find out the magnetic force on

the charged particle and its acceleration at this instant due to magnetic field E = 3] ~2k. { and § are in m/s and
Whb/m? respectively.

Sol.  F=qlixB=2x109(21 ~3]x4k)* (3] —2k) =2 10°[-6] +4] + 6K IN

Fo2x10° . . e
By Newton’s L gz =—— 6 (-0Oi i =0.8(-3i i m/s?
y Newton’s Law " 5x10° (=6i + 4] +6k) (=3i+2j+3k)m/s
Motion of charged particles under the effect of magnetic force
° Particle released if v =0 then f =0
.. particle will remain at rest
° \7||§here6:00r6:180°
~F = 0 5 =0 \7 = const. y
.. particle will move in a straight line with constant velocity L
i : . ®B X
[ ) Initial velocity 8 1 § and § = uniform u

In this case = B is in z direction so the magnetic force in z-direction will be zero &) a i 8)

Now there is no initial velocity in z-direction.
particle will always move in xy plane.

velocity vector is always J_§ - F_=quB = constant
N po Mt M
ow uB = —— = R = 75 = constant.
d R qB

The particle moves in a curved path whose radius of curvature is same every where, such curve in a
plane is only a circle.
path of the particle is circular.
mu  p  42mk
gB gB gB
Here  p=linear momentum;  k = kinetic energy

QB 2n
Now V:wR:w:F:—:an

T
Time period T = 2nmm/qB
frequency f=qB/2mm

Note : o, f, T are independent of velocity.

Ex. A proton (p), a-particle and deuteron (D) are moving in circular paths with same kinetic energies in the same
magnetic field. Find the ratio of their radii and time periods. (Neglect interaction between particles).

V2mK

Sol. R= 9B
J2mK  y2.4mK 4[2.2mK
R RERees B . 28 B 1142
T =2nm/qB
2mm  27dm  272m
Tp:Ta:TD: : : =1:2:2 Ans.

gB " 2gB ° @B
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Ex. A positive charge particle of charge g, mass m enters into a uniform magnetic P
field with velocity v as shown in the figure. There is no magnetic field to the ; ®B
left of PQ. :
Find (i) time spent, » A
(i) distance travelled in the magnetic field /V/e<~
(iii) impulse of magnetic force. Q
Sol.  The particle will move in the field as shown :Q
Angle subtended by the arc at the centre = 20 .
@) Time spent by the charge in magnetic field y : x ox
9B mo . Py . x
t=0 = — t=0 = t= 5 e
@ m C]B /.’
(ii) Distance travelled by the charge in magnetic field :
20 mv 20
=T =" n - H
9) aB P
(iii) Impulse = change in momentum of the charge
=(-mvsin® j + mv cos 0 ])—(mvsine i +mvcos0 ])
=-2mvsin 0 j
Ex. In the figure shown the magnetic field on the left on ‘PQ’ is zero and on the right of ‘PQ’ it is uniform. Find the
time spent in the magnetic field.
P
®B
u
Q
Sol. The path will be semicircular time spent = T/2 = tm/qB
Ex. A uniform magnetic field of strength ‘B’ exists in a region of width ‘d’. A

' B=0

B=0 |

particle of charge ‘q’ and mass ‘m’ is shot perpendicularly (as shown in the ®B

figure) into the magnetic field. Find the time spend by the particle in the

magnetic field if am u

’ mu B mu . .

(1)d>q—B (i) d < 9B :
' H.
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mu
Sol. ) d> qu means d>R
_ T _mm
=27 o8B
.. . e_g
(ii) sin 0 = R
.
0 = sin R

m d
ot=0 = t:qusin*I R

aY
Ex. What should be the speed of charged particle so that it can’t collide -
with the upper wall? Also find the coordinate of the point where the 1 “am , . “a
particle strikes the lower plate in the limiting case of velocity. ] T_‘ . .
(0,0) «
Sol. @) The path of the particle will be circular larger the velocity, larger will be the radius.
For particle not to s b
strike R <d R < v
mv qu N
q_B<d:> VST Cc, C, C,
.. o gBd
(ii) for limiting case v = “m

R=d
coordinate = (-2d, 0, 0)

2d
Helical path
If the velocity of the charge is not perpendicular to the magnetic field, we can break the velocity in two components
-V parallel to the field and v , perpendicular to the field. The components v, remains unchanged as the force

mv

qB

q5 ><§ is perpendicular to it. In the plane perpendicular to the field, the particle traces a circle of radius r =
as given by equation. The resultant path is helix.
Complete analysis

Let a particle have initial velocity in the plane of the paper and a constant and uniform magnetic field also in
the plane of the paper.
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The particle starts from point A .

It completes its one revolution a A, and 2" revolution at A, and so on. X-axis is the tangent to the helix points
ALALA all are on the x-axis.

distance A A, =AA, = e =v cos0. T = pitch
where T = Time period

Let the initial position of the particle be (0,0,0) and v sin 0 in +y direction. Then

nx: F =0,a =0, v = constant = v cos0, x = (v cosO)t

In y-z plane

Sol.

From figure it is clear that

y = R sinf3, v, =V sin® cosf

y
z=—(R — R cosp)
vsin0 vsino
v = v sin sinf
z B=ot
acceleration towards centre = (vsin0)R = o’R B
+, [of —
a =— R sinB, a, = — 'R cosp . ‘
At any time : the position vector of the particle
(or its displacement w.r.t. initial position)
Foxi+ y] +7K, XY,z already found
velocity 8 = vxi + vy] + vzlz sV, vy, v, already found
g = axf + ay] + aZR ;8,88 already found
. . m(v sin6)? mvsin® vsind  gB  2r
Radius q(vsme)B:% :>R:q—B = 0= R :%:?Ian

A charged particle P leaves the origin with speed v = v, at some inclination with the x-axis. There is uniform
magnetic field B along the x-axis. P strikes a fixed target T on the x-axis for a minimum value of B = B . Find the
condition so that P will also strike if you change magnetic field and speed.

Let d = distance of the tangent T from the point of projection. P will strike T if d an integral multiple of the pitch.
Pitch

(2ﬁ£j Vv, cos O = N{Zﬂﬂjvcosg
9B, 9B

Here N is a natural number.

Lorentz Force

1 1
In the presence of both electric field £ and magnetic field B, the total force on a charged particle is

1 1

r 1
F=q(E+v+B)

This is known as the Lorentz force.
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Velocity Selector

By combining the two fields, particles which move with a

certain velocity can be selected. This was the principle B A 7R 1 A

. 1 3 P PO SRS ] R e S B
used by J.J. Thomson to measure the charge-to-mass ratio ! = i o f ] wiatag ef e
of the electrons. In figure the schematic diagram of .

Thomson’s apparatus is depicted.

The electrons with charge q = —e and mass m are emitted from the cathode C and then accelerated toward slit A.
Let the potentid difference between Aand CbeV, — V= AV. The change in potential energy is equal to external
work done in accelerating the electrons : AU - W_ = qAV = —eAV. By energy conservation, the kinetic energy
gained is AK = — AU = mv%2. Thus, the speed of the electrons is given by

}ZeAV
y=
m

If the electrons further pass through a region where there exists a downward uniform electric field, the electrons,
being negatively charged, will be deflected upward. However, if in addition to the electric field, a magnetic field
directed into the page is also applied, then the electrons will experience an additional downward magnetic force

—ebx fl; . When the two forces exactly cancel, the electrons will move in a straight path. From Eq., we see that

when the condition for the cancellation of the two forces is given by eE = evB. which implies

In other words, only those particles with speed v = E/B will be able to move in a straight line. Combining the two
B2

e
equations, we obtain m 2AV) B

By measuring, E, AV and B, the charge-to-mass ratio can be readily determined. The most precise measurement
to date is e/m = 1.758820174(71) x 10" C/kg.

Mass Spectrometer

Various methods can be used to measure the mass of an atom. One possibility is through the use of a mass
spectrometer. The basic feature of a Bainbridge mass spectrometer is illustrated in Figure. A particle carrying a
charge +q is first sent through a velocity selector.

Figure : A Bainbridge mass spectrometer
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The applied electric and magnetic field satisty the relation E = vB so that the trajectory of the particle 1s a straight

line. Upon entering a region where a second magnetic field ]130 pointing into the page has been applied, the

particle will move in a circular path with radius r and eventually strike the photographic plate. Using Eq., we have

_mV
9B,
. . . B B,B
Since v = E/B, the mass of the particle can be written as m = o7 _ %
v

Hall’s Effect

In 1879, Edwin H.Hall, then a 24 -year-old graduate student at the Johns Hopkins University, showed that they
can drift electrons in copper wire in presence of magnetic field. This Hall effect allows us to find

(a) If charge carries in a conductor are positively or negatively charged.
(b) The number of charge carries per unit volume of the conductor.

Consider a strip of current carrying wire kept in external magnetic field. Let the wire has width d, Cross-sectional
area A, and charge carries per unit volume as n.

Figure (a) shows a copper strip of width d, carrying a current i whose conventional direction is from the top of
the figure to the bottom. The charge carries are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in figure, an external magnetic field B, pointing into
the plane of the figure, has just been turned on. We see that a magnetic force will act on each drifting electron,
pushing it towards the right edge of the strip.

li li li
’<—d—>|
— —
E
H E +
x [x X | x x | x x | x X | x x | x
— —
B / §+ B |- +
x [x x/ | "5 x | x x | x x | x x | x
L +
X X [ x [x x |x x | x X | X X [ x
_\;d“‘ Vc
X X | X X X X X X X X X X
— < |5 C 5| 2 2= - | £
> =)
Fy £ [Fe Feo | 8 g Fe Fo |2
L+ +
DG
Rl I X X | x x | x x | x x | x Vao x| x
L - u +
X4 x X [X x | x x | x x | x x | x
li li li
(a) (b) (c)

As time goes on, electrons move to the right, mostly piling up on the right edge of the strip, leaving uncompen-
sated positive charges in fixed position at the left edge. The separation of positive charges on the left edge and
negative charges on the right edge produces an electric field E within the strip, pointing from left to right in Fig.
b. This field exerts an electric force FE on each electron, tending to push it to the left. Thus, this electron force
on the electrons, which opposes the magnetic force on them, begins to build up.
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Sol.

Ex.

Sol.

Equilibrium quickly develops in which the electric force on each electron has increased enough to match the
magnetic force. When this happens, as Fig. b shows, the force due to B and the force due to E are in balance.
The drifting electrons then move along the strip toward the top of the page at velocity vd with no further
collection of electrons on the right edge of the strip and thus no further increase in the electric field E.

eE=evB )
=L L 2
d ne ned 2)

A Hall potential difference V is associated with the electric field across strip width d.
v=ed e 3)
From (2), (2) and (3)

E_V__1

B Bd neAd
idB i Vv
n= Vd = = —
edV neV  Bd

By connecting a voltmeter across the width, we can measure the potential difference between the two edges of
the strip. Moreover, the voltmeter can tell us which edge is at higher potential. For the situation of Fig. B, we
would find that the left edge is at higher potential, which is consistent with our assumption that the charge
carries are negatively charged.

It is also possible to use the Hall effect to measure directly the drift speed vd of the charge carries, which you
may recall is of the order of centimeters per hour. In this clever experiment, the metal strip is moved mechanically
through the magnetic field in a direction opposite that of the drift velocity of the charge carries. The speed of the
moving strip is then adjusted until the Hall potential difference vanishes.

As this condition, with no hall effect, the velocity of the charge carries with respect to the laboratory frame must
be zero, so the velocity of the strip must be equal in magnitude but opposite the direction of the velocity of the
negative charge carries.

For a moment, let us make the opposite assumption, that the charge carries in current i are positively charged (Fig. c).

Convince yourself that as these charge carries move from top to bottom in the strip, they are pushed to the right
edge by F and thus that the right edge is at higher potential. Because that last statement is contradicted by our
voltmeter reading, the charge carries must be negatively charged.

A non-relativistic proton beam passes without deviation through the region of space where there are uniform
transverse mutually perpendicular electric and magnetic fields with E =—120 kV/m and B = 50mT. Then the beam
strikes a grounded target. Find the force with which the beam acts on the target of the beam current is equal to

1=0.80 mA.
p=P_,dm_ dmgde NG
dt dt dg dt Bgq

A particle of mass m and charge q is released from the origin in a region occupied by electric field E and magnetic
field B,

B=Byj,E=E,
Find the speed of the particle.

Since the magnetic field does not perform any work, therefore, whatever has been gain in kinetic energy it is only
because of the work done by electric field. Applying work-energy theorem.

W, = AK

/2 E,
qE, :lmv2 -0 or y= 2120
2 m
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Ex. A particle of charge +q and mass m moving under the influence of a uniform electric field E7 and a uniform
magnetic field Bk follows a trajectory from P to Q as shown in figure. The velocities at P and Q are ,; and
—2vi - Find (a) E (b) rate of work done by the electric field at P. (C) rate of work done by each the fields at Q.

1y £

v °B

— ©—H T

—— 22— 2v

Sol. Increase in Kinetic energy of particle

1

= —m(2v)2 —lmv2 = Emv2
2 2 2

Work done by the uniform electric field, E, in going from P to Q = (qE) X 2a = 2qEa

3mv?

3
Hence, 2gEa==mv’ or E
2 4qa

Rate of work done by the electric field at
P P=Fv=qE.v

2

V=——

3my? 3 mv

=qEivi=qEv = q.
Qis
P,.Q=qEi.(-2vj)=0

At Q, rate of work done by both the fields is zero.

4qa 4 a

Ex. A particle of mass 1 x 102 kg and charge 1.6 x 10" C travelling with a velocity 1.28 x 10° ms™ in the +x direction
enters a region in which a uniform electric field E and uniform magnetic field of induction B are present such that
E =E =0E =-102.4 kVm'and B =B = 0. B =8x 102 Wbm 2 The particle enters this region at the origin
at time t = 0. Determine the location (X, y and z coordinates) of the particle at t =5 x 10 s. If the electric field is
switched off at this instant (with the magnetic field still present), what will be the position of the particle at
t=7.45x10%s?

Sol. Let i, j and & be unit vector along the positive directions of x, y and z axes. Q = charge on the particle

= 1.6 x 102 Cv = velocity of the charged particle = (1.28 x 105 ms™ | 7
115 = electric field intensity :

=(-1024 x 10 Vm™) ¢
ll; = magnetic induction of the magnetic field
= (8 x 102 Wbm?) ; y
fve = electric force on the charge = qllf =[1.6 x 10"° (~102.4 x 10°) Nj &
= 163.84 x 10 N(~ £)

1 . T 1
F, = magnetic force on the charge = gvx B

= [1.6 x 10° (1.28 x 10 (8 x 102 N] (§ x /) = (163.84 x 105 N)(%)
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The two forces Il«"e and F, are along z-axis and equal, opposite and collinear.

The net force on the charge is zero and hence the particle does not get deflected and continues to travel along
X—axis.
(a) Attime t=5x 10" s
x=(5%10°)(1.28 x 10°y=6.4 m
.. Coordinates of the particle = (6.4 m, 0, 0)

(b) When the electric field is switched off, the particle is in the uniform magnetic field perpendicular to its
velocity only and has a uniform circular motion in the x—z plane (i.e. the plane of velocity and magnetic force),
anticlockwise as seen along +y axis.

2

my . . .
Now, —— =qvB where r is the radius of the circle.
r

Lmv_ (1x10726)(1.28x10°)
gB  (1.6x1077)8x1072%)
The length of the arc traced by the particle in [(7.45 — 5) x 10 5]
= (v)(t) = (1.28 x 10)(2.45 x 10

1
=3.136 m= 7m= E circumference

The particle has the coordinates (6.4, 0, 2m) as (X, y, z)

Magnetic Force on a Current-Carrying Wire :

1
We have just seen that a charged particle moving through a magnetic field experiences a magnetic force Fj.
Since electric current consists of a collection of charged particles in motion, when placed in a magnetic field, a
current-carrying wire will also experience a magnetic force.

Consider a long straight wire suspended in the region between the two magnetic poles. The magnetic field points
out the page and is represented with dots (.). It can be readily demonstrated that when a downward current
passes through, the wire is deflected to the left. However, when the current is upward, the deflection is right-
ward, as shown in figure.

—— = e
i—= "/ \
4 g T :
8| Lk | R |
\ 7,
L piy— T ep—

To calculate the force exerted on the wire, consider a segment of wire of length @ and cross-sectional area A, as
shown in Figure. The magnetic field points into the page, and is represented with crosses (X).
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The charges move at an average drift velocity {/d. Since the total amount of charge in this segment is
Q,, = 9(nA @), where n is the number of charges per unit volume, the total magnetic force on the segment is

1 T 1 T 1 1 1
Fz = Qi Va*B =qnAl (v4xB) = I(1 x B)

where I - nqv A and i is a length vector with a magnitude @ and directed along the direction of the electric

current.

Special Case - 1 :
Wire of arbitary shape placed in uniform magnetic field

For a wire of arbitary shape, the magnetic force can be obtained by summing over the forces acting on the small
segments that make up the wire. Let the differential segment be denoted as ds (Figure)

Y

1
The magnetic force acting on the segment is : dF; = Idg x B

b
I r
Thus, the total force is : Fy = des xB
a

where a and b represent the endpoints of the wire.

1
As an example, consider a curved wire carrying a current I in a uniform magnetic field B, as shown in Figure.

i

— -

Using the magnetic force on the wire is given by

r br r r r
F, =|Ifds | xB=11xB
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where i is the length vector directed from a to b. However, if the wire forms a closed loop of arbitary shape
(Figure), then the force on the loop becomes

r T
F, =1(Ni§)x B

Magnetic force on a closed loop in uniform magnetic field.

Special Case - 2 :

]
[ oo Py,
; " A
'“;L,. !
{ : il
11-.._____1___,..#“"

Figure : A closed loop carrying a current I in a uniform magnetic field

Since the drift of differential length elements ds from a closed polygon, and their vector sum is zero, i.e.

T 1 1
NS =0 The net magnetic force on a closed loop is Fy =0.

Ex. A conducting bar of length is placed on a frictionless inclined plane which is titled at an angle q from the
horizontal, as shown in figure.

A uniform magnetic field is applied in the vertical direction. To prevent the bar from sliding down, a voltage
source is connected to the ends of the bar with current flowing through. Determine the magnitude and the
direction of the current such that the bar will remain stationary.

Sol. For equilibrium

I1 BcosB = mg sinf
mg sin @ mo
1Bcos6

= Is

Ex. A current (I) carrying circular wire of radius R is placed in a magnetic field B perpendicular to its plane. Find the
tension T along the circumference of the wire.
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Sol. For small element portion T Teosdo®

2T=dO0IB Tsind®

2Td0 - 2RIBAO ﬁ‘
T=IRB :g"l"
R

TsindO
T ¥ Tcosdd

Ex. A long horizontal wire AB, which is free to move in a vertical plane and carries a steady current of 20 A, is in
equilibrium at a height of 0.01 m over another parallel long wire CD which is fixed in a horizontal plane and carries
a steady current of 30 A, as shown in figure. Show that when AB is slightly depressed, it executes simple
harmonic motion. Find the period of oscillation.

A B

-
<

C - D
Sol. Let m be the mass per unit length of wire AB. At a height x about the wire CD, magnetic force per unit length on
wire AB will be given by

Hol

[} _
F, =2 (wpwards) . i F, B 17204
. . . s X=d=0.01
Wt. per unit of wire AB is
c D  L=30A

Fg = mg (downwards)
At x = d, wire is in equilibrium

: Ho by

Le., F =F = ——~=m
"o 27 d €

. Mol _mg (i)
Z”dz d .....

When AB is depressed, x decreases therefore, F_ will increase, while Fg remains the same. Let AB is displaced by
dx downwards. Differentiating equation (i) w.r.t. X, we get

Mo by
dF,, = Ex_z.dx ..... (iii)
i.e., restoring force, F =d F_oc—dx

Hence the motion of wire is simple harmonic. From equation (ii) and (iii), we can write

dF,, = —(%jdx (x=d)

‘. Acceleration of wire, a = —(%J.dx

Hence period of oscillations

T=2rx /ﬂ=27r
a
b A d/g=2m/%:n:o.2s

disp.
acc.
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Force Between Two Parallel Wires :
We have already seen that a current-carrying wire produces a magnetic

field. In addition, when placed in a magnetic field, a wire carrying a
current will experience a net force. Thus, we expect two current-

carrying wires to exert forces on each other. Consider two parallel
wires separated by a distance a and carrying currents /> and /* in !
the +x-direction, as shown in Figure. . H-"‘"‘H-

. l . . .
The netic force F;, , exerted by wire 2 on wire 1 may be computed as follows. Using the result from the
12
previous example, the magnetic field lines due to /* going in the +x direction are circles concentric with wire 2, with

1
the field B, pointing in the tangential direction. Thus, at an arbitrary point P on wire 1, we have

I A
B, = —( oLy / 27m) J which points in the direction perpendicular to wire 1, as depicted in Figure. Therefore,

L r b s I LI -
F, =L1xB, =(li)x _#0_2]. __Holiis i
2ra 2ra

1
Clearly F, points toward wire 2. The conclusion we can draw from this simple calculation is that two parallel wires

carrying currents in the same direction will attract each other. On the other hand, if the currents flow in opposite
directions, the resultant force will be repulsive.

Definition of ampere
Consider two parallel wires separated by 1 m and carrying a current of 1A each. Theni =i,=1A and d=1m, so that
from equation

d—F=2><10_7N/m
dl

This is used to formally define the unit ‘ampere’ of electric current. If two parallel, long wires, kept 1 m apart in
vacuum, carry equal currents in the same direction and there is a force of attraction of 2 X 107 newton per metre of
each wire, the current in each wire is said to be 1 ampere.

Magnetic Moment

Magnetic field (at large distances) due to current in circular current loop is very similar in behaviour to the electric
field of an electric dipole. We know that the magnetic field on the axis of a circular loop, of a radius R, carrying a
steady current 1.

__ Hl(27a®)
47r(a2 +)c2)3/2

its direction is along the axis and given by the right-hand thumb rule. Here, x is the distance along the axis from the
centre of the loop.

For x >> R, we may drop the R? term in the denominator. Thus

o))

Where A =nR?=area of the loop
The expression is very similar to an expression obtained earlier for the electric field of a dipole. The similarly may

be seen if we can define the magnetic dipole moment ,llt as

L= 14
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Sol.

Sol. :

The direction of ;11 is the same as the area vector 4 (perpendicular to the plane of the loop) and is determined by
the right-hand rule (Figure). The SI unit for the magnetic dipole moment is ampere-meter? (A.m?).

- ]‘ :
!'-' ol
®,

S~ -

'%"'\.

Find the magnetic moment of an electron orbiting in a circular orbit of radius r with a speed v.
Magnetic moment p =iA

. . e e ey
we can write i=—= =
T 27r 27r

Vv \"%

A = area of the loop = pr?

—~ u= (1)[;—Vj<w2)
r

A wire is bent in the form of an equilateral triangle PQR of side 20 cm and carries a current of 2.5 A. It is placed
in a magnetic field B of magnitude 2.0 T directed perpendicularly to the plane of the loop. Find the forces on the
three sides of the triangle.

Suppose the field and the current have directions as shown in figure. The force on PQ is

X X X X X X

R
X X X X
— 5B
X X X
B Q

E_ifxB oo F,=25Ax20emx20T=10N

The rule of vector product shows that the force F| is perpendicular to PQ and is directed towards the inside of
the triangle.

The forces EZ and E3 on QR and RP can also be obtained similarly. Both the forces are 1.0 N directed perpen-
dicularly to the respective sides and towards the inside of the triangle.

The three forces E , Ez and Eg, will have zero resultant, so that there is no net magnetic force on the triangle.

This result can be generalised. Any closed current loop, placed in a homogeneous magnetic field, does not
experience a net magnetic force.

B Add. 41-42A, Ashok Park Main, New Rohtak Road, New Delhi-110035
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Ex. Figure shows two long metal rails placed horizontally and parallel to each other at a separation y. A uniform
magnetic field B exists in the vertically upward direction. A wire of mass m can slide on the rails. The rails are
connected to a constant current source which drives a current i in the circuit. The friction coefficient between the
rails and the wireis p.

)] What soluble the minimum value of p which can prevent
the wire from sliding on the rails?
(V)] Describe the motion of the wire if the value of p is half the
value found in the previous part
Sol. (a) The force on the wire due to the magnetic field is
FoifxB
or, F=1iyB
It acts towards right tin the given figure. If the wire does not slide on the rails, the force of friction by the rails
should be equal to F. If p be the minimum coefficient of friction which can prevent sliding, this force is also
equal to u, mg. Thus,
u,mg = iyB
iyB
or, = —
o= 1 9
_ L Mo _in . o . -
) If the friction coefficient is p = > ~ 2mg- the wire will slide towards right. The frictional force by
the rails is
iyB
f=pumg= 5 towards left.
. iyB _ iyB . L _iyB .
The resultant force is iyB — — = —— towards right. The acceleration will be a = om- The wire will
slide towards right with this acceleration.
Ex. In the figure shown a semicircular wire is placed in a uniform !
QB
§ directed toward right. Find the resultant magnetic force and
torque on it.
P ° Q
o . B <>
Sol. :  The wire is equivalent to R
R !
> 6=0
F =0 Ans.

forces on individual parts are marked in the figure by ® and ®.
By symmetry their will be pair of forces forming couples.

nl/2
rzﬁ) i(Rd6)B sin(90 — 6).2R cos 0

_inR?
2

B

T

@_inRZ

s B(-j) Ans.
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Ex. Find the resultant magnetic force and torque on the loop. ‘

Sol. : ;es'zo,(") loop ) - B
\_RY/

and P — inR?B(~]j) using the above method

Ex. In the figure shown find the resultant magnetic force and torque about ‘C’, and ‘P’.

I

®B
P N . Q
Sol. Enett =]1.2R.B
> wire is equivalent to
P 2;R Q

Force on each element is radially outward : T, =0
point about

P= Ion[i(Rde)BsinQOO] Rsin0
=2IBR? Ans.

Ex. Prove that magnetic force per unit length on each of the infinitely long wire due to each other is p I, 1/2nd. Here

it is attractive also.

le—d —!

. holy
i)is= — ®
Sol.  On (2), B due to (i) is ond

F on (2) on Im length

Kol .. .
=1, —1
2 2rd towards left it is attractive , ,
® B,
_ kolilp z
= g (hence proved) | |

Similarly on the other wire also.
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Note :
o Definition of ampere (fundamental unit of current) using the above formula.
IfI,=L,=1A,d=1ImthenF=2x 107N

"When two very long wires carrying equal currents and separated by 1m distance exert on each other
a magnetic force of 2 X 10”7 N on 1m length then the current is 1 ampere."

° The above formula can also be applied if to one wire is infinitely long and :
the other is of finite length. In this case the force per unit length on each :
wire will not be same. [ =
F it length on PQ = 0112 i LL jh P
orce per unit length on PQ = ord (attractive) 3

I
. . . . . |
o If the currents are in the opposite direction then the magnetic force on the I
. . . I
wires will be repulsive. I

1

Ex. Find the magnetic force on the loop ‘PQRS’ due to the loop wire.

_ polyly ~ Molylp 2 =
Sol. : Fmsf W a (—|) + 27‘[(28)a(l) Q > y
I Al v |a .
_ Holslp (—'I\) 2 >t S

4r o

Torque on a current loop :

When a current-carrying coil is placed in a uniform magnetic field the net force on it is always zero. However, as its
different parts experience forces in different directions so the loop may experience a torque (or couple) depending
on the orientation of the loop and the axis of rotation. For this, consider a rectangular coil in a uniform field B which
is free to rotate about a vertical axis PQ and normal to the plane of the coil making an angle 6 with the field direction

as shown in figure (A).
/

Axis of rotation
(A)

The arms AB and CD will experience forces B(NI)b vertically up and down respectively. These two forces together
will give zero net force and zero torque (as are collinear with axis of rotation), so will have no effect on the motion of
the coil.

Now the forces on the arms AC and BD will be BINL in the direction out of the page and into the page respectively,
resulting in zero net force, but an anticlockwise couple of value

7=F x Arm =BINL x (b sin0)
ie. 7=BIA sinf with A=NLb ... @
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Now treating the current—carrying coil as a dipole of moment |\7| =1 K Eqn. (i) can be written in vector form as

P_M1xB [with 11 = TA = NIAB -ooen(ii)]

This is the required result and from this it is clear that :

?2) Torque will be minimum (= 0) when sin = min = 0, i.e., 6 = 0°, i.e. 180° i.e., the plane of the coil is
perpendicular to magnetic field i.e. normal to the coil is collinear with the field [fig. (A) and (C)]

2) Torque will be maximum (= BINA) when sin@ =max =1, i.e., 0 =90° i.e. the plane of the coil is parallel

to the field i.e. normal to the coil is perpendicular to the field. [fig.(B)].
(k)] By analogy with dielectric or magnetic dipole in a field, in case of current—carrying in a field.

du
=— I\'7| ° g with F=—7-
dr
and W =MB(1 —cos0)
The values of U and W for different orientations of the coil in the field are shown in fig.

>
A\
(@4
(@]
O
wy

M
B
| = '
| /|
| ! :
% B~ 7 | A
g~ ! M
— - —> - - . -
6 =0° (M is parallel to B) 6=90° (Mis L to B) 6 = 180° (M is antiparallel to B)
1=0=min ©=MB = max =0
W =0 =min W =MB W = 2MB = max
U =-MB = min u=0 U = MB = max
Stable equilibrium No equilibrium Unstable equilibrium
(A) (B) (©)
“) Instruments such as electric motor, moving coil galvanometer and tangent galvanometers etc. are based on

the fact that a current—carrying coil in a uniform magnetic field experiences a torque (or couple).

Ex. A'loop with current I is in the field of a long straight wire with current I . The plane of the loop is perpendicular to
the straight wire. Find torque acting on the loop.

Sol.:  d& =(rd0 dr) (inwards)
dM = (11 d0 dr) (inwards)
P SUUPPC S/
[ 222 N
§= E0%0 (tangential clockwise) 77l R e ] I 7Ty Ieentre line
2nr 4 T .
p
dt=| dMx g |= Hollo dodr (towards centre)

2
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1= fa j:drcose

_ Hollo f; J-:cose de dr

2

polly(b—a)sina

- (to the left) Ans.

Terrestrial Magnetism (Earth’s Magnetism) :

Introduction :

The idea that earth is magnetised was first suggested towards the end of the sixteenth century by Dr William Gilbert.
The origin of earth’s magnetism is still a mater of conjecture among scientists but it is agreed upon that the earth
behaves as a magnetic dipole inclined at a small angle (11.5°) to the earth’s axis of rotation with its south pole
pointing north. The lines of force of earth’s magnetic field are shown in figure which are parallel to the earth’s
surface near the equator and perpendicular to it near the poles. While discussing magnetism of the earth one should

keep in mind that:

(a) The magnetic meridian at a place is not a line but a vertical plane passing through the axis of a freely
suspended magnet, i.e., it is a plane which contains the place and the magnetic axis.

(b) The geographical meridian at a place is a vertical plane which passes through the line joining the geographical
north and south, i.e., it is a plane which contains the place and earth’s axis of rotation, i.e., geographical axis.

(c) The magnetic Equator is a great circle (a circle with the centre at earth’s centre) on earth’s surface which is
perpendicular to the magnetic axis. The magnetic equator passing through Trivandrum in South India divides
the earth into two hemispheres. The hemisphere containing south polarity of earth’s magnetism is called the
northern hemisphere (NHS) while the other, the southern hemisphere (SHS).

(d) The magnetic field of earth is not constant and changes irregularly from place to place on the surface of the
earth and even at a given place it varies with time too.

Elements of the Earth’s Magnetism :

The magnetism of earth is completely specified by the following three parameters called elements of earth’s
magnetism :

@

Variation or Declination 6 : At a given place the angle between the geographical meridian and the
magnetic meridian is called declination, i.e., at a given place it is the angle between the geographical north south
direction and the direction indicated by a magnetic compass needle, Declination at a place is expressed at 6° E
or 0° W depending upon whether the north pole of the compass needle lies to the east (right) or to the west (left)
of the geographical north-south direction. The declination at London is 10°W means that at London the north
pole of a compass needle points 10°W, i.e., left of the geographical north.

+91-9350679141

B Add. 41-42A, Ashok Park Main, New Rohtak Road, New Delhi-110035



PHYSICS FOR JEE MAIN & ADVANCED

N
GM 0
0°W 4y | o O°E
W L E
MM - Declination = 0 s
(A) (B)

(b) Inclination or Angle of Dip ¢ : It is the angle which the direction of resultant intensity of earth’s magnetic field
subtends with horizontal line in magnetic meridian at the given place. Actually it is the angle which the axis of
a freely suspended magnet (up or down) subtends with the horizontal in magnetic meridian at a given place.

Here, it is worthy to note that as the northern hemisphere contains south polarity of earth’s magnetism, in it the
north pole of a freely suspended magnet (or pivoted compass needle) will dip downwards, i.e., towards the
earth while the opposite will take place in the southern hemisphere.

B, Magnetic meridian
: ¢
Horizpntal line
B B, FRHPRCE -
IR
,\a’&‘e «\ag
39008
s 0%

Magnetic meridian Dip=¢
(A) (B)

Angle of dip at a place is measured by the instrument called Dip-Circle in which a magnetic needle is free
to rotate in a vertical plane which can be set in any vertical direction. Angle of dip at Delhi is 42°.

(¢) Horizontal Component of Earth’s Magnetic Field BH : At a given place it is defined as the component of
earth’s magnetic field along the horizontal in the magnetic meridian. It is represented by B, and is measured
with the help of a vibration or deflection magnetometer. At Delhi the horizontal component of the earth’s
magnetic field is 35 uT,i.e.,0.35G

Ifat a place magnetic field of earth is B, and angle of dip ¢, then in accordance with figure (a).

B,=B,cos ¢ and B, =B,sin¢ (2)

B

So that, tan ¢ = ﬁ and I=4B2+B?2 2)

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.
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The cylindrical pole pieces give the Tield radial such that sin 0=1 (always). So torque ==NiAB IT C is torsional
rigidity (i.e., restoring couple per unit twist of the suspension wire), then for deflection § of coil ==C80. In equilib-

rium we have external couple = Restoring couple i.e.CO=NiAB or 0 = iie., O oci

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

A
C is called the current sensitivity of the galvanometer. Obviously for greater 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.

0
The quantity T

Conversion of Galvanometer into Ammeter

An ammeter is a low resistance galvanometer; used to measure current directly in amperes and is always con-
nected 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.

—>— > »
i i o] |

Let ig 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

Vv, =i, G=i8. ()

Atjunctiona,i=i + iie,ig=i-i,

Therefore from (i) 1gG = (1—1g)S ot 1g(S+G) =iSi.e, ifs ml ...(iD)
This is the working equation for conversion of galvanometer into ammeter. Here ig <i.
. G (i)
From (ii) shunt required S= —— .Ifi <<i, S= Lf J G
i—il g 1
Th ist f ter R, so fi dis gi bL*—-%L R, = 5G
e resistance of ammeter R, so formed is given by R, G'S =R, S+ G ....(iii)

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, ig 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.

_,g__,_©_/\A/\/\/L_,9_
R

- . s R \% G 0
or resistance in series R= —— N
R+G 1

g
This is working equation for conversion of galvanometer into voltmeter.

If V is range of voltmeter, then ig =

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 is new range of
..V, Vv

voltmeter, then N G _R2G
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@

A static charge produced only electric field and only electric field can exert a force on it. A moving charge produced
both electric field and magnetic field can exert force on it. A current carrying conductor produces only magnetic field
and only magnetic field can exert a force on it.

Magnetic charge (i.e. current), produces a magnetic field. It can not produce electric field as net charge on a current
carrying conductor is zero. A magnetic field is detected by its action current carrying conductors (or moving
charges) and magnetic needles (compass). The vector quantity B known as MAGNETIC INDUCTION is introduced
to characterise a magnetic field. It is a vector quantity which may be defined is term of the force it produces on
electric currents. Lines of magnetic induction may be drawn in the same way as lines of electric field. The number l(l)f

line per unit area crossin§ a small area perpendicular to the direction of the induction bring numerically equalto B.
The number of lines of B crossing a given area is referred to as the magnetic flux linked with that area. For this

reason ]lg is also called magnetic flux density.

Magnetic Induction Produced by a Current (Biot-Savart Law) :

The magnetic induction dB produced by an element d/ carrying a current I are a distance r is given by :
_ ok, Idl'sin® e,

T
L 1(d1x¥)

dB
4 1° 4 r

here the quantity Idl is called as current element strength. I

1t =permeability of the medium = p,u, p
1, = permeability of free space

., =relative permeability of the medium (Dimensionless quantity).
Unitof p, & 1 isNAZ?or Hm™;

u, = 4nx10”"Hm™

Magnetic Induction Due to a Moving Charge : P

_ Kyqvsin®

2

dB,

"

4rr

. . e L, q({/x II: ) 4
In vector form it can be written as dB = — 3
T T

Magnetic Induction Due to a Current Carrying Straight Conductor

Magnetic induction due to a current carrying straight wire

1 pl . .
unoR (cos®, +cos0,)= ﬁ(sm o, +sina,)
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(b)

@

b)

©

.. o i
If the wire is very long 6, = 6, = 0° then,B = 7R
Magnetic induction due to a infinity long wire B = ZMOII{ ®
T

a,=90°; a,= 90°

14

Magnetic Induction due to semi infinite straight conductor B=4”—°®

nR

o 0°; a,= 90°

Magnetic Field Due to a Flat Circular Coil Carrying A Current :

Mo NI

Atitscentre B=""_¢
2R

where

N = total number of turns in the coil

I = current in the coil
R = Radius of the coil

On the axis B =

It is maximum at the centre B =

u,NIR?
2(x +R?)” I4 \N
where x = distance of the point from the centre. X
o NI
2R

Magnetic Induction due to Flat Circular Arc: B =

1,10
4R

Magnetic field due to infinite long solid cylindrical conductor of radius R

(i) ForT=R:

ol Holr
B=— i <R:B =
o (ii) Forr<R:B mRe

Z
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10.

11.

@

(b)

©

12.

13.

@
(b)

Magnetic Induction Due to Solenoid
B = p,nl, direction along axis.

where n — number of turns per meter ; [ — current

Magnetic Induction due to Toroid : B = p,nl

N
where n= 7R (no. of turns per m)

N = total turns R >>r

Magnetic Induction due to Current Carrying Sheet

1 X XXXXXXXXXXX
B= 5 uel where I = Linear current density (A/m) <

<

Magnetic Induction Due to Thick Sheet

e
. 1 X X X[X X X XP X X
At p()lnt PZ Bout :EMOJd dls 3 3 TX‘ X
X X X X X X X X, XX
. JA/m
At point P, B,, = pydx

GILBERT'S MAGNETISM (EARTH'SMAGNETICFIELD):

The line of earth's magnetic induction lies in a vertical plane coinciding with the magnetic North- South direction
at that place. This plane is called the Magnetic Meridian. Earth's magnetic axis is slightly inclined to the geomet-
ricaxisof earth and thisangle variesfrom 10.5° to 20°. The Earth's Magnetic poles are opposite to the geometric
poles i.e. at earth's north pole, its magnetic south pole is situated and vice versa.

On the magnetic meridian plane, the magnetic induction vector of the earth at any point, generally inclined to the

horizontal at an angle called the Magnetic Dip at that place , such that E = total magnetic induction of the earth
at that point.

u u
B, = the vertical component of B in the magnetic meridian plane =B sin 6

u o
Bu = the horizontal component of B in the magnetic meridian plane =B cos 6.

B
— =tan®
H

At a given place on the surface of the earth, the magnetic meridian and the geographic meridian may not
coincide. The angle between them is called “DECLINATION AT THAT PLACE”

AMPERES LAW

fﬁ.ﬁl = uZI where ZI = algebraic sum of all the currents.
MOTION OFACHARGE IN UNIFORM MAGNETICFIELD :
When vy is || to 113 : Motion will be in a straight line and i: =0
When v is L to ]13 : Motion will be in circular path with radius

. B
R and angular velocity = L andF= qvB.
qB m
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©

14.

15.

16.

17.

18.

1
When v isat Z0 to B : Motion will be helical with radius

in O . 2 ) .
R, = Ve and pitch P, = ZTMVEOST nd F = qvBsin®.
qB qB
LORENTZ FORCE:

1
An electric charge ‘q’ moving with a velocity v through a magnetic field of magnetic induction B experiences a

I I T
force F, givenby F = q\r/ x B . There fore, if the change moves in a space where both electric and magnetic fields

are superposed.

r . 1 r 1
F = net electromagnetic force on the charge = qE + qvxB

This force is called the Lorentz Force

MOTIONOF CHARGEINCOMBINEDELECTRICFIELD& MAGNETICFIELD

T r
When \rf“B & {/“E , motion will be uniformly accelerated in straight line as F =0and F E

magnetic electrostatic q

So the particle will be either speeding up or speeding down

T 1
When \rf“B & VLE , motion will be uniformly accelerated in a parabolic path

. . ; . . . E .
When ¥ 1B & v L }13 , the particle may more undeflected & undeivated with same uniform speed if v = B (This

is called as velocity selector condition

I r T
Magnetic Force on a Straight Current Carrying Wire : F = I(LXB)

I = current in the straight conductor

1
L = length of the conductor in the direction of the current in it

1
B = magnetic induction. (Uniform throughout the length of conductor)

i r 9
Note : In general forceis F :Il(dl ><B)

Magnetic Interaction Force Between Two Parallel Long Straight Currents :

When two long straight linear conductors are parallel and carry a current in each, they magnetically interact with
each other, one experiences a force.
This force is of :
(1)) Repulsion if the currents are anti-parallel (i.e. in opposite direction) or
(i) Attraction if the currents are parallel (i.e. in the same direction)
This force per unit length on either conductor is given by F = ;L_:[% .

Where r = perpendicular distance between the parallel conductors.
Magnetic Torque on a Closed Circuit :
When a plane closed current circuit of ‘N’ turns and of area ‘A’ per turn carrying a current I is placed in uniform

- ! . . . T r r 1 r .
magnetic field, it experience a zero net force, but experience a torque given by © = NIA xB =M xB =BINA sinf
where A = area vector outward from the face of the circuit where the current is anticlockwise,
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19.

20.

21.

22.

Note :

B = magnetic induction of the uniform magnetic field

un I
M = magnetic moment of the current circuit=IN A
u
Note:  This expression can be used only if B is uniform otherwise calculate will be used.

Moving Coil Galvanometer :

It consists of a plane coil of many turns suspended in a radial magnetic field. When a current is passes in the
coil it experiences a torque which produces a twist in the suspension.

The deflection is directly proportional to the torque .. NIAB =K6

K
I=| —— [0 ; K = elastic torsional constant of the suspension
NAB

I=Cq C= K Galvanometer Constant

NAB
Force Experienced by a Magnetic Dipole in a Non-Uniform Magnetic Field :
oB
or|
where M = magnetic dipole moment.

T
M:M

Force on a Random shaped conductor in a uniform magnetic field

A
B

(a) Magnetic force on a closed loop in a uniform B is zero.

(b) Force experienced by a wire of any shape is equivalent to force on a wire joining points A & B in a uniform
magnetic field.

Magnetic moment of a rotating charge :

If a charge q is rotating at an angular velocity o, its equivalent current is given as

_quo . 3 ; r 21 2
I= P & its magnetic moment is M = I7R —choR .

The ratio of magnetic moment to angular momentum of a uniform rotating object which is charged uniformly is
always a constant. Irrespective of the shape of conductor M/L = q/2m

Magnetic dipole

(a) Magnetic moment M =m X 2/ where m = pole strength of the magnet.

. - T 2M
(b) Magnetic field at axial point (or End-on) of dipole B = ;lo 5
Tr
r M
(c) Magnetic field at equatorial position (Broad-on) of dipole B :;—03(_—3)
nor
Magnetic Potential v = Mo Mcosd
ir 1’

_ KM 1+3cos’0

Magnetic field B 3
ir T
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MAGNETIC EFFECT OF CURRENT AND MAGNETISM

24.

26.

27.

28.

29.

30.

w
w

1 1
(d) Torque on dipole placed in uniform magnetic field I=MxB

(e) Potential energy of dipole placed in an uniform field U= — I</I]13

Intensity of magnetisation I=M/V
Magnetic induction B=pH=p,(H+1)
. . B
Magnetic permeability 18 :ﬁ
: _— 1
Magnetic suspectibility Xn =gy =H= 1
Curielaw
. . 1
o  For paramagnetic materials K € T

Curie Wires law

o  For Ferromagnetic materials VA T-T
Where T = curie temperature

A charged particle moves perpendicular to magnetic field. Its kinetic energy will remain constant but momentum
changes because magnetic force acts perpendicular to velocity of particle.

If a unit north pole rotates around a current carrying wire then work has to be done because magnetic field produced
by current is always non-conservative in nature.

In a conductor, free electrons keep on moving but no magnetic force acts on a conductor in a magnetic field because
in a conductor, the average thermal velocity of electrons is zero.

Magnetic force between two charges is generally much smaller then the electric force between them because speeds
of charges are much smaller than the free space speed of light.

2

N E magnetic v
ote: -7
E ¢’

electric

Add. 41-42A, Ashok Park Main, New Rohtak Road, New Delhi-110035
+91-9350679141



