


MAGNETIC EFFECT OF CURRENT AND

MAGNETIC FORCE ON CHARGE OR CURRENT

Magnet :

Two bodies even after being neutral (showing no electric interaction) may attract / repel strongly if they have
a special property. This property is Known as magnetism. This fc?rce IS called_m_agnetlc force. Those bodies
are called magnets. Later on we will see that it is due to circulating currents inside the atoms. Magnets are

found in different shape but for many experimental purposes, a bar magnet iS_ frequently uged. When abar
magnet is suspended at its middle, as shown, and it is free to rotate in the horizontal plane it always comes

to equilibrium in a fixed direction. |
One end of the magnet (say A) is directed approximately towards north and the other end (say B) approximately

towards south. This observation is made everywhere on the earth. Due to this reason theend A, whjch points
towards north direction is called NORTH POLE and the other end which points_. towards south direction is
called SOUTH POLE. They can be marked as ‘N’ and ‘S’ on the magnet. This property can be used to
determine the north or south direction anywhere on the earth and indirectly east

up

s ' down -
and west also if they are not known by other method (like rising of sun and setting of the sun). This method

Is used by navigators of ships and aeroplanes. The directions are as shown in the figure. All directions E, W,

N, S are in the horizontal piane. '
The magnet rotates due to the earths magnetic field about which we will discuss later in this chapter.

1.1 Poie 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 Fo— —F F—

N3] s N [__3]

(i) (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.
they are
A__iC B A C ¢C B

o R s [ T

Know 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 DIPOLE and it has a
MAGNETIC DIPOLE MOMENT. Itis represented by pz . Itis a vector quantity. It's direction is from
—m to +m that means from ‘S’ to ‘N’)
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- _ _ S it is geometrical lengt
M=m.L here ¢ =magneticlength of the magnet. ¢ _is slightly less than £ ( I ygat the ends of the

of the magnet = end to end distance). The ‘N’ and ‘S’ are not located exact
magnet. For calculation purposes we can assume ¢, = £, [Actually £./¢; = 0.84]. -
The units of m and M will be mentioned afterwards where you can remember and understand.

Magnetic field and strenath of maanetic field.
g Y ence due to which other pole

The physical space around a magnetic pole has special influ
. ' led
experience a force. That special influence is called MAGNETIC FIELD and tha’zsfﬁ':_'ralg’;aElLD.
MAGNETIC FORCE'. This fieldis qualitatively represented by 'STRENGTH OF MA t
is avector

Definition of B : i i by a north pole of uni
B : The magnetic force experienced by P £o1d at that point due to the

to some other poles (called source) is called the strength of magnetic
source.

—

Mathematically, B-t .
m

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

S.I. unit of B is Tesla or Weber/m? (abbreviated as T and Wb/m?). |
We can also write F = mB . According to this direction of on +ve pole (North pole) will be In the

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

) B — B
—> d
—F e
The field generated by sources does not depend on the test pole (for its any value and any sign).

(a) B due to various source

(i) Due to a single pole : |
(Similar to the case of a point charge in electrostatics) ¢~ — o

m
Bo |M
= _'(4n]r2'
This is magnitude
Direction of B due to north pole and due to south poles are as shown

B"“'"'Né‘“"""’"a P = o= = & et
: i
B

) \
invectorforn B=|ro |Mr
| 4n ) r®

here m is with sign and 7 = position vector of the test point with respect to the
pole. |
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Magnetic effect of current and magnelic ]
() Duetoad bar magnet :
e of el

Independent case never found.

together as magnet

| 1o _M_ o q << T . axis
at A (on the axis) = ( 4n] 5 o

at B (on the equatorial) ==

At General point:

McosO
, =2{42 |15 B

4n -

(LLO\MSiHO E

Bn=2|7"|73 ;
M —g E

B., = E&F‘- 1+3c0s% 0 ' :

m 1, omnons

""" N

B, _fand S

tan ¢ = B, T

Magnetic lines of force of a bar magnet :

"
1.3 Magnet in an external uniform magnetic field :
e————————
(same as case of electric dipole) *m, o
F.,=0 (for any angle) e B
t=MB sin 6 B o
- - _———
*here 0 is angle between B and M
Note : e 7 acts such thatit tries to make M x B.
o T is same about every point of the dipole it's potential energy Is
- = —_— M
U=-MBcos6=-M-B - » B
0 = 0°%is stable equilibrium m

0 = nis unstable equilibrium
for small ‘@’ the dipole performs SHM about 6 = 0° position

1==-MBsin6:
[o=-MBsin©
forsmall 6, sin6 =6

®
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Angular frequency of SHM

I T
—, T=2ﬂ ""I"‘
MB

herel = L Ifthe dipole is free to rotate
=1, if the dipole is hinged

Example 1. Abar 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 10 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.
Solution : The work done by the external agent = change in potential energy
= (-MB cos#,) -(~MB cosd.)
= ~MB (cos 60° - cos 0°)

1
= -2-MB= g—x(1.0x 104J/T)(4%x10°T) =0.2J
5 120°
Example 2.  Amagnet of magnetic dipole moment Mis released in a uniform magnetic a
field of induction B from the position shown in the figure. Find |
(i) Its kinetic energy at 6 = 90°
(ii) Its maximum kinetic energy during the motion.

(iii) will it perform SHM? oscillation? Pericdic motion? What is its amplitude?
Solution : (1) Apply energy conservation at 6 = 120° and 0 = 90° e’
—MB cos 120° + 0
= —MB cos 90° + (K.E.)

- MB
KE = —2— Ans.

(i) K.E. will be maximum where P.E. is minimum. P.E. is minimum at 0 = 0° Now apply energy
conservation between 6 =120°and 9 = Q°. .
-mBcos 120°+ 0
=-mB cos 0° + (KE)__

(KE) _ = EMB Ans.

TheK.E.ismax at 6 = 0° can also be proved by torque method. From 0=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 8 = 0°. Beyond that 1 reverses Its direction and then K.E. starts
decreasing |

. 0 = 0°is the orientation of M to here the maximum K E..
(i) ~ Since ‘0" is not small.
' the motion is not S.H.M. but it is osclllatory and periodic amplitude is 1200
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Magnetic effect of current and magnetic force on charge or ¢

(L) —_ —
1.4 Magnet in an External Nonuniform Magnetic Field : e e
No special formula are applied is such prqblems. Instead see the force on |
calculate the resistant force torque on the dipole.
A —
2.  Magnetic effects of current (and moving charge)

i fi i n be testeq
It was observed by OERSTED that a current carrying wire produces magnetic field neatfly Igfléics;lacement),
by placing amagnetinthe near by space, it will show some movement (deflection or rotation

This observation shows that current or moving charge produces magnetic field.

OERSTED EXPERIMENT AND OBSERVATIONS .

(1) Oerseted performed an experiment in 1819 whose arrangement is shown in the following figure.
Following observaticns were noted from this experiment.

8 B K
E" o )-—wwﬂfh I E F—(.Hwﬂhj l
Q

- .I‘d- :*'.Il
= W .I-

K

}_{

P _ QP = Q
§ N ,.nﬁﬁw N
)
R

B
h

(@) When no current is passed through the wire AB. the magnetic needle remains undefelcted.

(b) When current is passed through the wire AB, the magnetic needle gets deflected in a particular direction
and the deflection increases as the current increases.

(c_:) When the current flowing in the wire is reversed, the magnitude needle gets deflected in the opposite
direction and its deflection increases as the current increases.

(ii) Oer*_sted concluded from this experiment that on passing a current through the conducting wire, a

magnetic field is produced around this wire. As 3 result the magnetic needle is deflected. This phenomenon
Is called magnetic effect of current.

(11f) From another experiment, it is found that the magnetic lines of force due to the current flows ng inthe wire
are in the form of concentric circles around the conducting wire.

21 Frame Dependence of 3.

(a) The motion of anything is a relative term. A charge may } : v
appear at rest by an observer (say O,) and moving at same é\) v, Ta
velocity v, with respect to observer O,and atvelocity v, | 0,
with respect to observers O, then B due to that charge <« Wwire at
w.r.t. O, will be zero and wir. to restwr.t.

o % - S : ground
. O, and O, it will be B, and B, (that means different).
(b) Ina current carrying wire electron move in the opposite direction to that of the current ang

+ve ions (of the metal) are static wir.t. the wire Now if some observer (O,) moves with
velocity V, in the direction of motion of the electrons then electrons will have zero velocity

and +ve ions will have velocity V, in the downward direction w.r.t O,. The density (n) of +ve
I0NS Is same as the density of free electrons and their charges are of the same magnitudes

So, wir.t. O, electrons will produce zero magnetic field but +ve ions will produce +ve same

B due tothe current carrying wire does not depend on the reference frame (this is true for
any velocity of the observer).
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Magnetic effect of current and magnetic force on charge or current

(c) B due to magnet :
B produced by the magnet does not contain the term of velocity

So, we can say that the B due magnet does not depend on frame.

2.2 B due to a point charge :

. .y A i e, p is
A charge particle ‘q’ has velocity v as shown in the figure. Itisat  position A at some time. r

the position vector of point ‘P’ w.r. to position of the charge. Then B atP du:: toq s ,

B= [_Eg_) v say - here 8 = angle between v and r * 0 _~
4an r2 r

B = Lo qvxr; qwith sign B 1 v and also Blr.
4T|: ra

Direction of B will be found by using the rules of vector product.

2.3 Biot-savart’s law (B due to a wire)

It is a experimental law. A current ‘i’ flows in a wire (may be straight or curved). Due to ‘d?’ length of
the wire the magnetic field at ‘P’ is

dB o id¢
1
i o
2
oc SIN 6
- dB o ldfszme
r
4B = id¢sin® mls (_p_g_] idf x T
475 r2 + 5 dB = 4n r3

here ¢ = position vector of the test point w.r.t. d_E '

0 = angle between d? and 7. Theresultant B = Iaﬁ
Using this fundamental formula we can derive the expression of B due along wire.

2.3.1 B due to a straight wire:

Due to a straight wire ‘PQ’ carrying a current ‘i’ the B
atAis given by the formula

4ﬂ (sin@, +sin6,)

(Derivation can be seen in a standard text book like your
school book or concept of physics of HCV part-Ii)
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tion : ' |
Directio o its resultant is also directed inwards

Due to every element of ‘PQ’' B atAis directed In wards. S

It is represented by (X)

The direction of B at various points is shown in the figure shown.

O O
¥ e
©
©
®© ©
©
i "
At points ‘C’' and ‘D' B = 0 (think how).
For the case shown in figure ARAE 9{
" , ... 100 A
- Ho® . - :
BatA= 4 (SN 6, —sinb,) @ "‘—_r_'_"I
Shortcut for Direction :
The direction of the magnetic field at a point P due to a Y i
straight wire can be found by a slight variation in the right-
hand thumb rule. If we stretch the thumb of the right hand
along the current and curl our fingers to pass through the
point P, the direction of the fingers at P gives the direction
of the magnetic field there. @ g ? ®

We can draw magnetic field lines on the pattern of electric field lines. A
tangent to a magnetic field line given the direction of the magnetic field |
existing at that point. For a straight wire, the field lines are concentric
circles with their centres on the wire and in the plane perpendicular to the
wire. There will be infinite number of such lines in the planes parallel to the
above mentioned plane.

— Sclved Exvamples '

imple 3.  Aloop in the shape of an equilateral triangle of side ‘a’ carries a -
current I as shown In the figure. Find out the magnetic field at
the centre ‘C’ of the triangle. I
wWer . 27‘3 P R
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Magnetic effect of current and magnetic force orl charge or current

Solution: B=B,+B,+B,=23B,

=3 2" ( - ) x (sinB0°+sin60°) = 75—
, ZJE - R
Example 4. Find resultant magnetic field at ‘C' in the figure shown. | a
Ce
P T "
. 3 2
Solution : - . _
ST ‘C' and SR is same.
ltis clear that ‘B’ at ‘C’ due all the wires is directed. - Also B at ‘C' due PQ
Also due to QR and PS is same
Bras = 2(BPO N BSP)
ol : 0 4+ ein AOC
Bu= "3 (sin 60° + sin 60°),
4 A .
"2
Lol \/glloi + to \. _ 4pol
B, = 353 (sin30°+sin 30°) = B, =2| Zna ' 2nay3) +3na
4n—— |
2 .
Example 5.  Twolong wires are kept along X and y axes they carry currents I & I respectively In +veé X and +vey
directions respectively. Find B atapoint (0, 0, d). !
Answer : ord (i - i)
. — 3 2~ Ho | 4 Ho _I_ N - .E’.O_I. e
Solution: B=B;+B, =5 3 ((-j) + 5 g () = 5rq (i)
Example 6.  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 A and C.
Solution : ._
The current will be equally divided at A. The fields at the centre due to the currents in the wires AB
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 AD and BC will be zero. Hence, the net
field at the centre will be zero. .
m - ,
Special case : o ©: @
(i) If the wire is infinitely long then the magnetic field at ‘P’ (as r®
shown in the figure) is given by (using 6, = 6, = 90° and the © , — .
formula of ‘B’ due to straight wire) o P ®
g = o = B o ~ © | ¥ ®
2nr r . :

- The direction of g at various is as shown in the figure. The rhagnetic lines of force will be concentric
circles around the wire (as shown earlier)
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- or current
Magnetic effect of current and magnelic force on charge

i ' . e. The . to o

(i) If the wire is infinitely long but ‘P"is as shown in the figur © o upto 8

direction of g at various points is as shown in the o ® ®
1
figure. At ‘P’ o ®
®
8= 40 © 12 P
mr o o
X

Example 7. In the figure shown there are two parallel long wires (placed
in Lthe plane ofpaper)ere parryilng ourrents 2 IandlwnSIder

points A, C, D on the line perpendicular to both the wires
and also in the plane of the paper. The distances are

mentioned. Find (i) g atA, C, D
(ii) position of point on line AC D where B is O. 5

Solution : (i)_ Let us call B due to (1) and (2) as ﬁ, and §2 respectively. Then

atA: B,is@®and B, is ®

_ ol _ Mol
B, 2na and B, = 2n2a
3 Mol
=B - = — — Ans.
Bru B1 BZ 4 na @

atC: B, is@® and B,also &

_ ~ well  pgl _61-101_3“01
B =B, *+B,= Da+ Da_ 2ra  7a ® ..
21"."2— 21!:?"

atD: B,is ® and B,is ® and both are equal in magnitude.

. B,=0 Ans
(ii) It is clear from the above solution that B = 0 at point ‘D’.

Example 8.  In the figure shown two long wires W, and W, each camrying current

| are placeqparal!el to each other and parallel to z-axis, The direction
of current in W, is outward and in W, it is inwards. Find

‘ the B at ‘P’ and ‘Q’.
Solution:  LetB dueto W, be B, and due to W, be B,

By symmetry ’§1,=‘§2’ =B

d 271:23 B 41|;a
r—— I N

B - Mol

P " 4na’  Ans
Kol

FOFB B1=2nJga' — B'-'-'

® [Corporate Office:
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— — (1 . . 1 se .
At centre - Due to each d¢ element of theloop g at ¢ IS inwards (in this case)

ﬁ

B At'C'is® .
HoNI
2R '’
N = No. of turns in the loop.

14
2R ¢ = length of the loop.

N cah be fraction (% % 1—31 etc.J or integer.

Direction of B : The direction of the magnetic
field at the centre of 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).

Another way to find the direction is to look into

the loop along its 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.

Semicircular and Quarter of a circle :

I 1
N
®
= Ml
4R

10



force on charge or current

Magnetic effect of current and magnelic

Solued Exvampled

Find ‘B’ at centre ‘C’ in the following cases .

Example 9.

0.
(i)....___/c%_—b-—---- (1)

TR EE
-8 8 8w
e e s o=

(viii)
' ) Lo . Bolf, 1
wer : () 4R (i) ;ﬁ-(n-;)@ (i) g%(-;-JrlJ@
m
H01(1 1) wlf. 4
212" 5 |® Folf, 1
A V) 3R (1 n)® (vii) ';%I'(H Jo
m
tion i _ Kol 1 pol
(1) R 7 bl

nel
Magne!




ffect 2 of current and magnetic force on charge or current
ic €

Magne!! - po 1) . (mol 1) _ o1, 1
. = = +B. = x| 4 [ SX | = 2R\2 =
(iii}) B=B,+B,+B,=2B, 2 47t R 2R 2

(IV) B=B + B =——X—+'—'x—=T

1
pol 1 kol 1) _ _&g!.(l__)
©  B=B- =-=('z?"z' zb"‘z) S 4la b

- pol . mol __P_ﬂ.1_1_.1j
W)  B=B,-B,=tC- 1-

_ pol Mol =~ 6 KolO l-i)
I - T Car
m *
2 - | S
(b) On the axis of the loop : B - __EG_MR_M_ \
2(R* +x%) —_— ————
N = No. of turns (integer) B\

Direction can be obtained by right hand thumb rule. curl your fingers in the direction of the current
then the direction of the thumb points in the direction of B at the points on the axis.

The magnetic field at a point not on the axis is mathematically difficult _to calcul:'-.ate. We show
qualitatively in figure the magnetic field lines due to a circular current which will give some ideaof the field.

2.3.3 Aloop as amagnet: -
The pattem of the magnetic fi eld Is comparable with the magnetlc ﬁeld produoed by a bar magnet.

]
¥

Al

— S = ——
B ' _

)
] .

The side T (the side from which the § emerges out) of the loop acts as ‘NORTH POLE’ and side I
(the side in which the B enters) acts as the ‘'SOUTH POLE'. It can be verified by studying force on
one loop due to a magnet or a loop.

R’escnance
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Magnetic effect of current and magnetic force on charge or current

. \
A B

1! ' ‘ The two loops
' F +«— The IO and 0 .I
—| ——— [S__N] the mac;pnet — —_— attract each
0 ; B attract each : : other.
‘ other ; ;
5 NN s\_- N s\_. N
Mathematically :
2 2
- “’DNIR - I-loNIR
P 2R + X2 g [OrX>>R
_ _@_\ IN‘RRz
= 2 41!) %O
itis similarto B_. due tom t= -“i\ﬂ.

Magnetic dipole moment of the loop

M= INnR?

M = INA for any other shaped loop.
Unit of M is Amp. m?

Unit of m (pole strength) =Amp. m {*+ in magnet M = m¢}

M=INA, .

A = unit normal vector for the loop. e R
To be determined by right hand rule which is also usedto ¢~ | Ny o ‘>
determine direction of B on the axis. It is also from l N

S’ side to ‘N’ side of the loop.

2.3.4 Solenoid:

(i) Solenoid contains large number of circular | ' :
_ ‘ oops wrapped around a non-conduct
(it may be a hollow cylinder or it may be a solid cylinder) ngcylincer




Y ORI JUTEE U LRGTEC OF CUrrent

gnetic efec =

Ma
9 * £1 ‘€2
COS O, = , : = % =
1 612 +R2 ‘) COS B f% +R2 - — COS 92

l-lon' el

l L/th"’ +R2} =~ (cos6,+cosp)

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

Derivation -

Take an element of width dx at a distance x from

point P. [point P is the point on axis at which we —s| ¥ |e—
~are going to calculate magnetic field. Total number '—'ﬂ
of turns in the element dn = ndx where n : number
of tumms per unit length.
| iR2 —
dB = —° (ndx) " “

2(R2 + x2 )312

iR ndx ponl| £, £
B= [dB= [ Mo MOX O 1 L 2 = ol
-“ _-!:1 2R?+x2)%2 © 2 | Ji24R? [¢2+R? 2 c056; - 036,
(iv) For ‘Ideal Solenoid’ :

*Inside (at the mid point)

£ >> R orlength is infinite

0, -0

-62-—>1t

B=pni
If material of the solid cylinder has relative permeability * u, thenB=p pni

At the ends B = M

2 |
(v) Comparision between ideal and real solenoid :

(a) Ideal Solenoid | Real Solenoid

-------------------------------

end centre of solenoid end X (diétance —£/2 X £/2
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Magnetic effect of current and magnelic force on charg

an
24 AMPERE’s circuital law :

The line integral .{3 B.d¢ on aclosed

ili free space
curve of any shapé is equal to i, (permeablllty of pace)

rve.
times the net current I through the area bounded by the cu
§§ ' a_é = IJ«UZI
Note : -
sition of wire with in It.

# Line integral is independent of the shape of path and po
g the path but

2. d7 - R — re alon
a The statement §B .d? =0 does not necessarily mean that B =0 everywhe

only that no net current is passing through the path.

Sign of current : The current due to which B is produced in the same sense as d/
in the sense opposite to d¢ will be

(i.e. B-d¢

positive will be taken positive and the current which produces B

Example 10. Find the values of f B-d¢ for the loops L., L,, L, inthe figure shown.

The sense of d¢ is mentioned in the figure.

Solution : forL, f B-d¢ = po(l, —1,) !
|

here I, is taken positive because magnetic lines of force produced by I. is anti clockwise as seen J)

from top. I, produces lines of § in clockwise sense as seen from top. The sense of d¢ is anticlockwise
as seen from top.

forl,: fé'df=uo (L=-L+1) forlL,: §§'d_é=0

m .

Uses : 2.4.1 Tofind out magnetic field due to infinite curréht carmrying wire
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ecl gj Larrernt Qrad magnelic jorce on char;ge or current
wagne L

f B.d¢ = f B.d¢/ - 0=0° so def =B2nR (-. B = const.)
Now by amperes law :

pace)

ut

™ ¢

W

2.4.3 Solid infinite current carrying cylinder -

Assume current is uniformly distributed on the whole Cross section area

currentdensity J= —5

" Resonance®
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Magnetic efject of current and magnetic force on charge or current

Case(l): r<R | |
take an amperian loop inside the cylinder. By symmetry it should
be a circle whose centre is on the axis of cylinder and its axis also

coincides with the cylinder axis on the loop.

Example 11.
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, (b)a<x <b (c) b < x < cand (d) x > c. Assume that the current
density is uniform in the inner wire and also uniform in the outer shell. !‘
olution : l

(a) d
A cross-section of the cable is shown in figure. Draw a circle of radius x w(nttz the centre at the
axis of the cable. The parts a, b, ¢ 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,

f B.d? = B2nx

In each of the four parts of the figure. ' ;5
(a) The current enclosed within the circle in part b is |, 8O that

lo o .2
—> . X2 = 5 X,
na’ a°

Ampere'’s law

f B.d? = Uol gives

~esonanc

ducating for better tomorrow
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ﬂeffc

a ;
Mag (b) The current enclosed within the circle in Part b is i, so that
-‘ : Holo
| = = v
fl | B 2‘.11:)( “’G IO Orl 2‘II:X *
. (c) The area of cross-section of the outer shell is nc? — g2 The area of cross-section of the
fl outer shell within the circle in part ¢ of the figure is nx2 — nb?,

. ig(X? —b?)
,r Thus, the current through this part is ?Cz b7 - This is in the same direction to the

lo In the inner wire. Thus, the net current enclosed by the circle is

From Ampere’s law,

i 2 2 A2
B 2 = O(C + X 2b )

Hoio(c® + x? — 2b?)
2 9 Or, B =
cC“-b |

21rx(c? -b2)
The net current enclosed by the circle in part d of the figure is 2i, and hence

(d)

B 2nx = M, 2i, or, B = EQ'Q--.

Example 12.  Figure shows a cross-section of 3 large metal sheet carrying

p
an electric current along its surface. The current in a strip of , ) T
width dl is Kdl where K is a constant. Find the magnetic field I
at a point P at a distance x from the metal sheet OXONOXIONOXOROXO

Solution : 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.

The tield 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
:l€=.|J.UK£ Or, B=E“’OK'

Note that it is Independent of x.

e@ Corporate Office: CG Tower, A-46 & 52, IPIA, Near City Mall, Jhalawar Road, Kota (Raj,)-324005




Magnetic effect of current and magnelic

m . the form of a closed I'ingIL

Magnetic Field in a Toroid 4 i.e.ifalong solenoid |
(i) Toroid is like an endless cylindrical solenol®. -
then it becomes a toroid.

i firgure.
.4 as shown in theé
(ii) Electrically insulated wire is wound uniformly over th? toron.:i o mber of ums s keptvery e
(iii) The thickness of toroid is kept small in comparison to its radius @

.+ rroduces a magnetic field along the
(Iv) When a current i is passed through the toroid, each tum ° th_e tﬁrc:::dhzgosame magnitude at their centres,
axis at its centre. Due to uniform distribution of tums this magnetiC file

Thus the magnetic lines of force inside the toroid aré circular. -
(v) The magnetic field inside a toroid at all points Is same but outsi

(vi) If total number of turns in a toroid is N and R is its radius, then num
will be

e the toroid it Is zero.
ber of turns per unit length of the toroid

(vii) The magnetic field due to toroid is determined by Ampere's law.
(viii) The magnetic field due to toroid is
N ).
B, = p,ni or By =l (Zn_R]I
(Ix) If a substance of permeability p is placed inside the toroid, then
B = puni
If u_is relative magnetic permeability of the substance, then
B=ppu,ni

CURRENT AND MAGNETIC FIELD DUE TO CIRCULAR MOTION OF A CHARGE

_ ctrons, protons and neutrons. protons
and neutrons are in the nucleus of each atom and electrons are assumed 1o be moving in different orbits
around the nucleus.




Jic effect of current and magnetic force on charge or current
/
Magre

"—--- -----
o -
"

B, =t _Hef _ ue
" 2R 2R 2RT
(c) If the angular velocity of the electron is o . then

o=2f and f=2

2T
i:::ef:—e-(—ﬂ. : B =H=uoem
2 2 " 2R 41R
(d) If the linear velocity of the electron is v. then
V =Ro = R(2xf)
Vv
f=—
ol (ZnR)
. ev Hol MoV
| = f = — 5 . =—92 -
" =R X %= 2R~ 4nR?
(v) Magnetic moment due to motion of electron in an orbit
2 .
M =iA = efrR? = EX_
T
" M — ennR? _ eoR? or M evaR? evR
- 2n 2 2nR 2

Ifthe angular momentum of the electron is L, then

L =mvR =mwR?
Writing M in terms of L

(vi) If acharge q (or a charg

edring of charge q)ismoving i
angular velocity o , then

= l




3.

' ' i rrent
Magnetic effect of current and magnelic force on charge or cu

y
ks

(a) current due to moving charge
i=qgf =qu/2n
(b) magnetic field at the centre of ring

_ E.ﬂ_i _ ""l‘]qf —
BO - 2R - 2R or Bu 41L'R

(C) magnetic moment

M=irR?) = qfrR* = %quz
(vi'i) If a charge q is distributed uniformly over the surface of plastic disc of radius R and it is rotated about its
axis with an angular velocity o , then
(a) the magnetic field produced at its centre will be

B — Hoqo

" 2nR
(b) the magnetic moment of the disc will be
dM = (di) t x?

0
o dq nx?

Q
= 'h—-:l X3dx

= M=J‘dM=£R°§IX3dX

L

M = qoR?
4
M — qoR?
4

Magnetic force on moving charge

Whe:n a charge q moves with velocity , ina magnetic field B, then the magnetic force experienced b
moving charge is given by following formula : y
F=q(VxB)  Putqwith sign.

v . Instantaneous velocity

B : Magnetic field at that point.




= . —

/\

| Magnelic effect of current and magnetic force on charge or current

o On a stationary charged particle, magnetic force is zero.

V|| E ight line if onl
“ It VB, then also magnetic force on charged particle is zero. It moves along a str aight line if only
magnetic field is acting.

__—Solved Examples—

example 13- A charged particle of mass 5 mg and charge q = +2uC has velocity ¥ = 2i —3j+4k. Find outthe

magnetic force on the charged particle and its acceleration at this instant due to magnetic field

B= 3f -2k . v and B are in m/s and Wb/m? respectively.

Solution : F=qVxB =2 x 10 (2 —3jx4k ) x (3j—2k) =2x10°[-6] +4] +6Kk]N
— ﬁ 2x10-6 F Y "~ ]
By Newton's Law 3 = — = 8i.4]
. m 5)(10_5 ( 6|+4J+6k)

= 0.8 (-3i+2]j+3k) m/s?

Example 14.  Acharged particle has acceleration 3 = 2i + xj ina magnetic field B = -3i +2j — 4k . Find the value
of X.

Solution : FIB
a.l

B

(A Y
00!
|
-

(2f+xf) : (—3?+2]:-4E) =0

= —6+2x=b =  Xx=3.

3.1 Motion of charged particles under the effect of magnetic force
o Particle released if v=0thenf =0
. particle will remain at rest

° V||B here 8 =0o0r6 = 180°
“F =0 La=0 ..y =const.
- particle will move in a straight line with constant velocity VL
- — X
o Initial velocity u L B and B = uniform | , ©B

Inthis case *' Bisin z direction so the magnetic force in z-direction will be zero ( En' 1 é).

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

velocity vectorisalways | g . F_=quB = constant

Corporate Office: CG Tower, A-46 & 52, IPIA, Near City Mall, Jhalawar Road, Kota (Raj.
Website : www.resonance.ac.in | E-mall : contact@resonance.ac.in
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2 mu
_ mu - — = constant
now quB= = = R qB C

1

curve in a plane is only acircle.
path of the particle Is circular.

here  p=linearmomentum; k = kinetic energy

2
now V=(DR=>GJ=EE=—E=2R‘;
m T

Time period T = 2rm/qB
frequency f = qB/2am

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

———Solued Examples

Example 15. 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).
Solution : R= il
qB
"R ‘R 'R = v2mK 2.4mK 2.2mK - |
R R B T 2B B =1:1:42
T =2rnm/qgB '

2rm  2n4m  2a2m
T :T,:T,= B ' 20B ° oB
Example 16. A positive charge particle of charge g, mass m enters into a uniform P
magnetic field with velocity v as shown in the figure. There is no | 2B

magnetic field to the left of PQ.

Find (i) time spent, A
(1i) distance travelled in the magnetic field /V/BC

(i) impulse of magnetic force.

=1:.2:2Ans.

Solution : The particle will move in the field as shown Q
Angle subtended by the arc at the centre = 26 E

(i) Time spent by the charge in magnetic field ¥
qB m26 L )

ot=20 = — t=2 = — C
= 0 =t 4B
(ii) Distance travelled by the charge in magnetic field - o
mv -
=1(20) = 9B ° 20

®
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A

sic effect of current . _
Magne 3k and magnet ic force on charge or current
(ili)

Im = i
Pulse = change in momentum of the charge

_=(‘mVSin9 T + mv cos 6 ])_(mvsine T + mv cos 6 j)=—2mVSin9 i

example 17 Repeatabove question if the charge is —ve and the angle made by the boundary with the velocity is

=
X
x x x %X X
solution: () 2r_29=9, o, % _, ®_>5n "
B 3 3 x
qBt onm 8
— t - - —
@ m = 3q X
X
(i) ' Dist . . "
Stance travelled s = r(2n — 20) = 3
(iii) Impulse = charge in linear momentum
| =m(_vsinei+Vcosej)—m(VSin9F"‘VCOSB])
=-2mv sin0j =-2mv sin 'g- i =-mvi
Example 18. Inthe figurg 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 E
magnetic field. | @b
U
Solution : The path will be semicircular time spent=T/2 = tm/qB
Q

<5

| 5 u

Example 19. A uniform magnetic field of strength ‘B’ exists in a region of width ‘d". A -

'; particle of charge ‘q’ and mass ‘m'’ is shot perpendicularly (as shown in the B=0§ :
figure) into the magnetic field. Find the time spend by the particle in the ®B8 |B=0

| magnetic field if

|
| mu . i -
(l)d>'q—5
; . mu . !
| (i) d < 4B ' d =
f Solution : '
" _ mu
(i) d>q—B"meansd>R
T
" 27 gB

- [CO

: . e B : -
— r ¥ 'h -
: = s P _ _ l L 4-) i
] F | i # L] | s
¥ ¥ e
bt b o i e d04 0L | (=SUTE
WY g " : 4 i \ - 3 = & i
e - i g - - . - |
e o - - - = - e . i




Magnetic effect of current and magnetic force on charge or current

d
R

_ d
6=sm‘[R)

_ mo (E]
wt=0 => t= qB sin R

Example 20. What should be the speed of charged pa _
the coordinate of the point where the particle strikes the lower plate in th

AY

(ii) sin @ =

ticle so that itcan't collide with the upper wall? Also find
e limiting case of velocity.

wall

Solution : (i) The path of the particle will be circular larger the velocity, larger will be the radius. |
For particle not to s .
strike R < d \

mv qBd
qB <d = V< o
(i) for limiting case v = 3:—22
R=d
) coordinate =(-2d, 0, 0 - ' — —
- (-24,0,0) —

3.2 Helical path :

If the velocity of the charge is not perpendicular to the magnetic field, we can break the velocity intwo
components — v,, parallel to the field and v , perpendicular to the field. The components v, remains
- ||

unchanged as the force qv x B is perpendiculartoit. In the plane perpendicular to the field the particle

ITIVJ_ ] T .
0B as given by equation. The resultant path is helix.

traces acircle of radius r =

Complete analysis : o | - 3

Let a particle have initial velocity in the |
plane of the pa .
field also in the plane of the paper. Paperand aconstant ang uniform magnetic

VSing /N f
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Magnelic effect of current and magnetic force on charge or current

/\

ent to the

It completes its one revolutlon atA, and 2" revolution at A, and so on. X-axis is the tang

helix points

| all are on thé X-axis.
distance A=, = v cosf. T = pitch
Where T = Time period

Let the initial position of the particle be (0,0,0) and v sinq in +y direction. Then
Inx: F =0 a,=0, v_=constant = v cos6, x = (v coso)t
In y-z plane :
From figure it is clear that
Y = R sing, v, =vsinf cosf
Z=—R~-R cosp)
V, =V sinb sinf
acceleration towards centre = (vsing)¥R = o?R
a =-w’Rsinp, a, = - w’R cosp
At any time : the position vector of the particle
(or its displacement w.r.t. initial position)

F = Xi +Yj + 2K , X,y,Z already found

velocity V=Vyi+Vyj+Vk, v,V ,V, already found
a=a |+a,j+a k , 8, a,a, already found
: . m(vsing)? mvsinG
Radius = —_— =
q(v sin6)B B => R qB
_vsin6 gB _ 2n
0= —]p— === = = 2nf

3.3 Charged Particle in E&B

When a charged particle moves with velocity v in an electric field E and magnetic field B, then.
Net force experienced by it is given by following equation.

F =qE +q(V x B)
Combined force is known as Lorentz force.

BB —_———
ElIB]lv ' - BBV

In above situation particle passes undeviated but its velocity will change due to electric field. Magnetic

force on it = 0.
Case(i) :
* E || B and uniform 60, 180° (g and g are constant and uniform)

y
Vo V, sin 0 Vo
+q¢ﬁﬁ:::j;EJa -
X E, B

RESDI"IBI'ICE Website : wwmmnceaa
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Magnetic effect of current and magnetic force on charge or current

MagnelZ >
............. R L AL LLLEE LY i |
| 9E v, - grat x=vt+ o af
inx:F =qE, 8,= =V, TV, COS at x=vt+ 53,

in yz plane :

qv, sin @ B=m(v,sin 6)*/R

mv, SinB
= R=s —F,
qB
V
o = 05"19 — QB 27

-

1 qE

P ={(V,cos0)t+ 5 ——t} j +Rsinat j + (R-Rcos ot) (k)

E . . . ’
VvV = (VD cos0 +-C:TT ] i+ (Vo sinf)cos ot j + Vo sin 6 sin ot (-k)

. _QqE - L. .
a=-"— I +ao®R[-sinp j—cosp k]

Solved Exanples

!
Example 21. A particle of charge q and mass m is projected in a uniform and constant magnetic field of strength
B. The initial velocity vector j makes angle '0' with the g . Find the distance travelled by the particle
Intime 't'. |
Answer : v
Ealution : Speed of the particle does not change there fore distance covered by the particle is s = vt 1

3.4

K
Magnetic force on a current carrying wire :

| No
Suppose a conducting wire, carrying a current i, is placed in a magnetic field B . Consider a small l

element d¢ of the wire (figure). The free electrons drift with a speed v, opposite to the direction of the ‘
current. The relation between the current i and the drift speed V, IS

|
!

|

v, d/{ |

F G\ a*

. . B 1
I=JA=nev A |

| . ...(0)
Here A is the area of cross-section of the wire and n is the number of free electrons
Each electron experiences an average (why average?) ma

_ per unit volume.
gnetic force |

-f' —_ "ei;d X é | L :l

The number of free electrons in the small element consi i “ " ; :
the wire of length d¢ is SioeredinnAde. Thus, the magnetic force on |
|

Resonenc
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Mag;-:etic effect of current and magnetic force on charge or current

dF = nAevdEE’ B .
Using (i), dF =1d¢xB -

The quantity jq¢ is called a current element.
E,; =Id_F'=J‘Id?x§ = | I'Jéxé
(. Iis same at all points of the wire.)

If § isuniformthen £, = i(/d¢)xB

Frag = ILxB

Here | = Id? = vector length of the wire = vector connecting the end points of the wire.

f'l/\
p ¢ '

s Q

The direction of magnetic force is perpendicular to the plane of j and g according to right hand screw rule.

Following two rules are used in determining the direction of the magnetic force.

(a) Right hand palm rule : If the right hand and the palm are stretched such that the thumb points in the
direction of current and the stretched fingers in the direction of the magnetic field, then the force on the
conductor will be perpendicular to the palm in the outward direction.

(b) Fleming left hand rule : If the thumb, fore finger and central finger of the left F
hand are stretched such that first finger points in the direction of magnetic field and
the central finger in the direction of current, then the thumb will point in the direction

of force acting on the conductor.

Note : Ifacurrent loop of any shape is placed in a uniform § then F,, agnetic ONit=0 (" L =0).

3.5 Point of application of magnetic force :

On a straight current carrying wire the magnetic force in a unifdrm magnetic field can be assumed to
be acting at its mid point.

>
B I¢ I

This can be used for calculation of torque.

— Solved Examples

Example 22. Awireis bent in the form of an equilateral triangle PQR of side 10 cm and carries a current of 5.0 A.

Itis placed inamagnetic 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.
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c for rent
Magnetic effect of current and magnelic force on charge or cur

Solution : o
Suppose the field and the current have directions

as shown in figure. The force on PQ Is

IE-I =i-é><§
or, F1=5.0A><1Ocm><2.0T=1.ON

The rule of vector product shows that the force F. P i
is perpendicular to PQ and is directed towards X X X X

the inside of the triangle.
The forces F, and F, on QR and RP can @
directed perpendicularly to the respective sides and towards

The three forces I51. I--"'2 and I'f3 will have zero resultant, so that there

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

so be obtained similarly. Both the forces are 1.0 N
he inside of the triangle.

is no net magnetic force on the
eous magnetic

Example 23. Two long wires, carrying currents i, and i,, are placed perpendicular to

each other in such a way that they just avoid a contact. Finq the magnetic
force on a small length d¢ of the second wire situated at a distance £ from

the first wire.
Solution : The situation is shown in figure. The magnetic field at the site of d¢,

due to the first wire is .

g = Molt
274
This field is perpendicular to the plane of the figure going into it. The magnetic force on the length a/
IS,
_ omo = Polil2dé
dF =1i,d¢ B sin 90 Dref

This force is parallel to the current ..

Example 24. Figure shows two long metal rails placed horizontally and parallel to each other at a separation ¢. A
uniform magnetic field B exists in the vertically downward 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.

(a) What soluble the minimum value of p which can
prevent the wire from sliding on the rails?

(b) Describe the motion of the wire if the value of p is
half the

value found in the previous part

Sol. (3 The force on the wire due to the magnetic field is
F=i¢xB
or, F=1iB

It acts towards right tin the given figure. If the wire does not slide on the rail

the rails should be equal to F. If u; be the minimum coefficient of frictio
this force is also equal to p, mg. Thus,

s, the force of friction by
nwhich can prevent sliding,

1, mg =i¢B
v elB
. K, mo
L L o I/B
b If the friction coefficientispy=— = — e |
© H="2 T 2mg + the wire will slide towards right. The frictional force by the

rails is
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