Electrostatics

Coulomb’s Law: The magnitude of the electrostatic force of
interaction between two point charges is directly proportional

to the scalar multiplication of the magnitudes of charges and
inversely proportional to the square of the distance between
them. The force is along the straight line joining them. If the
two charges have the same sign, the electrostatic force between
them is repulsive; if they have different sign, the force between
them is attractive.
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Figure: 14.1

The force is a vector quantity. While calculating the force form
Coulomb’s law, the sign of charge is not retained in formula;
but the signs of charges indicate direction of force which is
seen by inspection with the rule that the charge on which force
is to be calculated is assumed to have the tendency of motion
while the other charge due to which force is to be calculated is
assumed at rest, unless otherwise stated.

Fol 9% g
dre, 1
1

:—-ﬁ (in medium of dielectric constant K)
4re,K 1

& __permittivity of medium
&, permittivity of free space

&, =8.855x10 **coul /N-m ?

K=

1
=9x9° N-m%/colul®
4re,
Charge is
= Transferable: It can be transferred from one body to
another.

= Associated with mass:
but reverse is not true.
= Conserved: It can neither be created nor be destroyed.

Charge cannot exist without mass

Quantisation of charge : q=+ne
= [Invariant: Independent of velocity of charged particle.

= Electric charge produces electric field (E), magnetic field

(B and electromagnetic radiations.

= Linear charge distribution:  Charge on a line e.g., charged
straight wire, circular charged ring, etc.
_ Charge

A= = Linear charge density
Length

— S.l.unitisC/m

—— Dimension is [L TA]

= Surface charge distribution: Charge distributed on a
surface e.g. plane sheet of charge, conducting sphere,
conducting cylinder, etc.
o = Charge

= Surface charge density
Area

L S.I. unitis C / m?

—— Dimension is [L2TA]

= Volume charge density: Charge distributes through out the
volume of the body e.g. charge on a dielectric sphere, etc.

Charge

Volume

= volume charge density

— S.I. unitis C/m®

—— Dimension is [L™° TA]

Electric Field Strength : E = Iin})E Newton/Coulomb

%0 q,
Electric field strength due to an isolated point charge
1 .9
Arg, 1°

= Total electric flux =L E.dS

= Gauss Theorem : J' E-d§:i2q
S ‘90

Total electric flux :ix net charge enclosed by closed
&y

surface
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= Electric potential: = Ixm q—: —_[E -dr

= Relation between electric field and potential
E= —%:dx (numerically)

= Electric field due to point charge, V= — q (Scalar

0

quantity)

= Electric potential energy of two charges, U = yr. %

= Electric potential

energy of a system of charges

q
Eoutside :4_ 2 (r > R)

g, I

= Electric potential

2_ < 3k
\/inside= L qu er) (r<R) 2R
4re, 2R
1
\/surface = g (at r ZR)
4re, R
O R r
\/outside = L ﬂ (r > R) Figure: 14.4
4re, 1

Electric Potential and

Electric field Intensity by Long

n
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47[30 i=1 i

S

Electric Field Due to a Charged Conducting Sphere of
Radius R

Charged !
conducting v

* Electric field outside, E, = ! %(r >R)
e, 1
. 1 q
= Electric field at surface, Eg = —
e, R

= Electric field inside the conductor, E, =0(r <R )

= Electric potential

1 9
— 1 R
gy 1 (r>R)

outside —

1
4,

\Y/

surface

=\. =

inside

(r<R)

e

= Electric Field Due to a
Spherical Charge
1

inside —
4 0

Non-conducting  Uniformly

surface
.

Figure: 14 .3

Charged Wire

o
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Figure: 14.5
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Note

= That as the limit is taken as a and b approach infinity, this

approaches the infinite line change E, _ka

2

2 2
:M.n[m_ Vt’ﬂ}

—a+\b? 4z

b . a
(22+b2)1/2 (f +B)1/2

= That as the limit is takenas a and b approach infinity, this

approaches the infinite line charge expression:
EZ:&: l
z  2nis,

Electric Potential and Electric Field Intensity Due to Line
Charge

E
AAT T Cylindrical Gaussian surface

.

Infinite cylindrical E=0forr<R

conductor as it is inside any
conductor at equilibrium.

A = charge per unit length

Figure: 14.6
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= Electric field E:&

]
* Potential difference between two points distant rand r,

from line charge AV = &Iog . 1P}
r

1

Where A = charge per unit length.

Electric Field at the Axis of a Charge of Ring of Radius R

E= 1 . Qx — along the axis
4, (R +x)
dl dQ:&d

X
dE, =dE cos@ =dE WiR"

Figure: 14.7

Electric field Intensity duetoa Non-conducting Thin Sheet
of Charge

E= ZL (Where & = charge per unit surface area)
€o

o = sheet charge
density in coulomb;

E A’_
AA
per square mete .
AA
AA | ‘E

Figure: 14.8

oA = charge inside
Gaussian surface

= Electric field intensity due to a conductor of any shape
E=Z
80

= Electric field between two plates having equal and opposite

charge densities () E = g

E=0----------------------------- +0
A A A
E=E, +E__ l H l | l ) E=—
| ] ] €o
E=0 -o
1 1 1
1 1 1
(I A N
Figure: 14.9

1

= Electrostatic energy density u :EKEOEZ Joule/m®

e

:%goE2 (inairK =1)

Electric Dipole
= Electric dipole moment p=q-2I (from —q to +q)
Where = magnitude of each charge;

2| = Separation between two charges.

F, =qE —
. p—
24 m:

E 21 +q —

%9 dsing _

F =qE

—q —

W e s e s e e

Figure: 14.10
Net force on a dipole in uniform electric field = 0.
= Torque on a dipole in a uniform electric field

7= pEsind=( pxB [Vector form].
In a uniform electric field an electric dipole experience no

force but only torque, but in non -uniform field it
experiences both force and torque.

= Potential energy of electric dipole U =—pEsind=p £
(Vector form).

= Work done in rotating the dipole form equilibrium pos ition
through an angle 9, W = pE(l—cosH).

Electric potential and electric field Intensity due to electric

dipole: v:kq{ri_ri}:kq{rr;n] For cases where

+

r >>d , this can be approximated by v = kpcgw _
.
P

Figure: 14.11
p=q2l is defined as the dipole moment. The

Where,

potential of dipole is of most interest where r >>d. The

standard approximationsare r_—r, ~Acos @ , r.r_~r°’.

- oV . 1oV. Qdcosf . Qdsiné .
E= =|—a, +——a, | = S a, + 5-a
or ror 27l 4 me,r

= - =(2c0s 04, +sin 63,)

py— =(2cos 04, +sin 6d )
e
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Electric field due to a dipole along axis (6= 0°) A Van de Graaff Generator: It is an electrostatic generator
P 2p which uses a moving belt to accumulate very high amounts of
axis = Are, s electrical potential on a hollow metal globe on the top of the
stand.

At perpendicular bisector/equatorial (6= 90°) Collecting comb
|
1 p Metal s
phere, +
N

itorial —
equitorial 472'80 r3

Obviously due to an electric dipole: E oc% .
r

. . - 1
Electric potential due to an electric dipole : V,, = £2
4drgy 1
Conveyor belt
\/equitorial = O

- - 1 q?
= Binding energy of an electric dipole B, = =
4re, 21

= Electrostatic force between two short dipoles of dipole
moments p, and p, at separation is:

Charged bomb

Voltage
1 6pp, -
F = 2 . = (when coaxial) Figure: 14.13 Van de Graaff Generator
7€,
1 3 . Table: 14.1 Different Cases of Equilibrium of Charge
F =—-% (when mutually perpendicular) ! quittbriv 9 i
471'80 r Suspended charge System of three collinear charge
= Kinetic energy gained by a charge g accelerated through a Freely suspended charge In the following figure three
potential difference of Vvoltsis g, = qv 0 el 1= =g charges Q,,Q and Q, are kept
- . mg S Eege along a straight line, charge Q will
= For equilibrium of charge between two horizontal plates = E =0 E F=Q 5 T mgur et 6 ) el
having a potential difference V volts ¢gE =mg or T | Force applied by charge Qi |
\Vi W = | Force applied by charge Q|
qE =mg Q1 Q Q2
. _ _ mg G S O
= The electric lines of force never intersect; they are directed Suspension of charge from string ~ %

normally to an equipotential surface. X

Constant Electric Field o R =(£
= X %X
2
0
Q (%
This is the necessary condition for
Q to be in equilibrium.
In equilibrium If all the three charges (Q, Q and
) B Tsin 6= QF () Q,) are similar, Q will be in stable
Point Charge T cos §=mg e (l)) equilibrium.
From equations (i) and (ii) If extreme charges are similar while
T=/QE)? +(mg )* and charge Q is of different nature so Q
QE will be in unstable equilibrium.

tan @ = =—
mg

Time Period of Oscillation of a Charged Body

Case (i): If some charge say + Q is given to bob and an electric
field E is applied in the direction as shown in figure then
equilibrium position of charged bob (point charge) changes
fromOto O'.

Figure 14.12: Dashed lines are Equipotential Lines while
Solid Lines are Electric Field Lines.
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Figure: 14.14
On displacing the bob from its equilibrium position 0 . It will
oscillate under the effective acceleration g, where

mg’ = /(mg) * HQE)*
= g'=y9°+(QE/Mm)" .

Hence the new time period is T, = 27 /I—
g!

I
=27 |
\ (9*(QE/m)) *

Since, g'> g, so Ty < T, i.e. time period of pendulum will

decrease.

Case (ii): If electric field is applied in the downward direction
then.

Effective acceleration g'=g +%
So new time period T, = 2”\/%:”-2 <T
&
E

mg + QE
Figure: 14.15
Case (iii): In case 2 if electric field is applied in upward
direction then, effective acceleration g'=g _QE
m

So new time period T, = 27 /I— =>T,>T
g~ QE /m)

Figure: 14.16

Multiple Choice Questions

1. The electrostatic potential ( @) of a spherical symmetric
system, kept at origin, is shown in the adjacent figure,

q q
r2R,),,. @ =
4u80r( o) 4 4me, R,

Which of the following option are correct?

and given @ =

h

f—>

(a) For spherical region r <R, total electrostatic energy
stored is zero.

(b) Within r = 2R, total charge is

(c) There will be no charge anywhere exceptat r =R,

(d) Electric field is discontinuous at r =R,

2. Aninfinite current carrying wire passes through point
O and in perpendicular to the plane containing a
current carrying loop  ABCD as shown in the figure.
Choose the correct option (s).

(r <Ry,).

(a) Net force on the loop is zero.

(b) Net torque on the loop is zero

(c) As seen from O, the loop rotates clockwise.

(d) As seen from O, the loop rotates anticlockwise

3. Along, hollow conducting cylinder is kept coaxially
inside another long, hollow conducting cylinder of
larger radius. Both the c vylinders are initially
electrically neutral.

(@ A potential difference appears between the two
cylinders when a charge density is given to the inner
cylinder.

(b) A potential difference appears between the two
cylinders when a charge density is given to the outer
cylinder.

(c) No potential difference appears between the two
cylinders when a uniform line charge is kept along
the axis of the cylinders.

(d) No potential difference appears between the two
cylinders when same charge density is given to both
the cylinders.
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Consider a neutral conducting sphere. A positive point

charge is placed outside the sphere. The net charge on

the spher e is then

(a) negative and distributed uniformly over the surface of
the sphere

(b) negative and appears only at the point on the sphere
closest to the point charge

(c) negative and distributed non -uniformly over the entire
surface of the sphere

(d) zero

A spherical portion has been removed from a solid

sphere having a change distributed uniformly in its

volume as shown in the figure. The electric field inside

the emptied space is :

(a) zero everywhere (b) non-zero and uniform
(c) non-uniform (d) zero only at its center
Positive and negative point charges of equal magnitude

are kept at (0, 0%)and (0, 0,?), respectively. The

work done by the electric field when another positive

point charge is moved form (-a, 0, 0) to (0, a, 0)is:

(a) Positive

(b) Negative

(c) Zero

(d) Depends on the path connecting the initial and final
positions

949

—,—and -
3'3

Consider a system of three charges 3
placed at points A, B and C, respectively, as shown in
the figure. Take Oto be the centre of the circle of
radius Rand angle CAB =60°

y

0
60°
A J
q

(&) The electric field at point O 'is > directed along
8meg,R

the negative x-axis
(b) The potential energy of the system is zero

Physics
(c) The magnitude of the force between the chargesat C
2
and B is — -
547gR

d) The potential at point O is 3
(d) The p P 1275,R

A disk of radius  a /4 having a uniformly distributed
charge 6C is placed inthe x-y plane with its centre at
(-a/2,0,0). Arodof length a carrying a uniformly
distributed charge 8C is placed on the x-axis from
x=al4 to x=>5a/4. Two point charges —7C and 3C
are placed at (a/4,-a/4,0) and (-3a/4,3 #,0),
respectively. Consider a ¢ ubical surface formed by six
surfaces x=%a /2y =4a /2,z=%a/2.The electric

flux through this cubical surface is

® y
W= 0 0 o=
80 80 80 80

Three concentric metallic spherical shells of radii R, 2R,
3R, are given charges Q;,Q,,Q,, respectively. It is found

that the surface charge densities on the outer surfaces of
the shells are equal. Then, the ratio of the charges given

to the shells, Q, : Q, :Qy, is:

@1:2:3 (b)1:3:5 (c)1:4:9 (d)1:8:18
Under the influence of the coulomb field of charge +  Q,
acharge —q is moving around it in an elliptical orbit.
Find out the correct statement(s).

(@) The angular momentum of the charge — q is constant
(b) The linear momentum of the charge — q is constant

(c) The angular velocity of the charge — q is constant

(d) The linear speed of the charge — q is constant

A few electric field lines for a system of two charges  Q;
and Q, fixed at two different points on the x-axis are
shown in the figure. These lines suggest that

Q: Q:

@) Q.15 Q,l (b) 1Q, 14 Q.

(c) at a finite distance to the left of Q the electric field is
zero

(d) at a finite distance to the right of Q, the electric field
is zero
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12.

13.

14.

15.

A uniformly charged thin spherical shell of radius R
carries uniform surface charge density of o per unit
area. It is made of two hemispherical shells, held
together by pressing them with force F (see figure). F
is proportional to

F F
—_— R ]
@) icr2R2 (b) iO'2R
&y &y
1 o? 1 o?
© =< @) —25
& R & R

A tiny spherical oil drop carrying a net charge q is
balanced in still air with a vertical uniform electric

8ln

field of strength T><105 vm=. When the field is

switched off, the drop is observed to fall with terminal
velocity 2x10~° ms-'. Given g = 9.8 ms -, viscosity of
the air =1.8x10° Ns nand the density of oil
kg m~3, the magnitude of q is
(a) 1.6x10 °C

(c) 4.8x107°C

Consider an electric field

= 900

(b) 3.2x107°C
(d) 8.0x10 °C
E=Ex ,where E, is a

constant. The flux through the shaded area (as shown

in the figure) due to this field is :
z

(a,0,a)

000 (00

X
Ea’
V2

Which of the file patterns given below is valid for electric
field as well as for magnetic field?

\T/ ) — e

2N i

(© Q (d)

(@ 2E@’ (b)) V2E@® (c) Ea®  (d)

16.

17.

18.

19.

A spherical metal shell A of radius R, and a solid

metal sphere B of radius R, (<R ,) are kept far apart

and each is given charge + Now they are connected by
a thin metal wire. Then

(a) EX™ =0 (b) Qx> Q,
(C) % = % (d) EoAn surface < Egn surface
B A

Which of the following statement(s) is/are  correct ?

(@) If the electric field due to a point charge varies as r?*
instead of r~2, then the Gauss law will still be valid

(b) The Gauss law can be used to calculate the field
distribution around an electric dipole

(c) If the electric field between two point charges is zero
somewhere, then the sign of the two charges is the same.

(d) The work done by the external force in moving a unit
positive charge from point A at potential V,to point
Bat potential \j is (V, -V,)

A cubical region of side a has its centre at the origin. It

encloses three fixed point charges, -qat (0, —a/4,0), +

3g at (0, 0, 0) and - q at (0, +a/4, 0). Chooses the

correct option (s) ?

z
7
a7
/ |
O 3 y
gL |
x/ -
(@) The net electric flux crossing the plane x=+%is
equal to the net electric flux crossing the plane
a
X=——=
2

(b) The net electric flux crossing the plane y= +% is more

than the net electric flux crossing the plang = —%

(c) The net electric flux crossing the entire regionis q/ &,
(d) The net electric flux crossing the plane z:+% is
equal to the net electric flux crossing the plane

a
X=+—
2

Six point charges are kept at the vertices of a regular
hexagon of side L and centre O, as shown in the figure.
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. 1 q . . Two charges, each equal to ¢, are keptat X=-a and x=
Given that : K= —» which of the following q
4me, L a on the x-axis. A particle of mass m and charge g, = 5 is
statement (s) is (are) correct ? . L
(5) s (are) placed at the origin. If charge g, is given a small
displacement (y<<a) along the y-axis, the net force
acting on the particle is proportional to
(@) (b) (© : (d) :
a)y -y C)~ -
y y
24. Acharge Q isuniformly distributed over a long rod
o . AB of length L as shown in the figure. The electric
(a) The EIeCt”(_: field aF O'is 6K along OD potential at the point O lying at a distance L from the
(b) The potential at O is zero end Ais:
(c) The potential at all points on the line PR is same o T
(d) The potential at all points on the line ST is same T T
20. Two large vertical and para  llel metal plates having a Q 30 Q Q/n2
i a b c d
separation of 1_ cm are connected to a _ DC voltage (@) 8L (b) Iz, ) drzgLin (d) 4z,
source of potential difference X. Aproton is released at
rest midway between the two plates. It is found to 25. Two non -conducting solid spheres of radii R and 2R,
move at 45°to the vert ical JUST after release. Then X having uniform volume charge densities  p, and p,
1S nearly.is . respectively, touch each other. The net electric field at
(@) 1x10 7V (b) 1107V a distance 2R from the centre of the smaller sphere,
(c) 1x10°V (d) 1x107°V along the line joining the centre of the spheres is zero.
21. Consider a thin spherical shell of radius R with its Theratio p, /p, can be
centre at the origin, carrying uniform positive surface 32 32
© origin, carrying Pos (2) -4 b ->= ©= (@4
charge density. The variation of the magnitude of the 25 25
electric field | E(r)| and the electric potential V(r) with ~ 26.  Two non -conducting spheres of radii R, and R, and
the distance r from the centre, is best represented by carrying uniform volume charge densities  +p and —p,
which graph? respectively, are placed such that they partially
[E()| V(r) | E()| V(1) overlap, as shown in the figure. At all points in the
T T overlapping region,
@ T R (b)
Y,
° )
| E(r)| V(r) 4
(d) o
(a) the electrostatic field is zero
0 r (b) the electrostatic potential is constant
22. A hoop of radius rand mass m rotating with an (c) the electrostatic field is constant in magnitude

angular velocity w,is placed on a rough horizontal

surface. The initial velocity of the centre of the hoop is 217.

zero. What will be the velocity of the centre
when it ceases to slip?

of the hoop

Toy Toy
OF 0)
() “2 () roy

2

(d) the electrostatic field has same direction

Let E,(r)E,€) and E,(r) be the respective electric
fields at a distance r from a point charge Q, an
infinitely long wire with constant linear charge density
A, and an infinite plane with uniform surface charge

E () =E,€o) =E ()

density o. If at a given

distance r,, then
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28.

A
(b) 1 :%
© E(/2) 2 K ) (d) E,(r,/2) =4 E( 1f2)
Charges Q,2Q and 4Q are uniformly distributed in
three dielectric solid spheres 1, 2 and 3 of radii
R/2,R and 2R respectively, as shown in figure. If
magnitudes of the electric fields at point P ata
distance R from the centre of spheres 1, 2 and 3 are

E,.E, and E,respectively, then

(@) Q=40

2

Sphere 1
(@ E >E,>E,
(c) E,>E,>E,

Sphere 2 Sphere 3
(b) E,>E, >E,

(d) E;>E,>E,

E = 30x? exists in space.
V,—=V,, where Vg is

V, the potential at

29. Assume that an electric field
Then the potential difference

the potential at the origin and
X=2 mis:

(@) -80J (c) 80J (€) 1203  (d)-120

30. A long cylindrical shell carries positive surface charge
o in the upper half and negative surface charge
the lower half. The electric field lines around the
cylinder will look like figure given in: (figure
schematic and not drawn to scale)

—o in

S are

ANSWERS and SOLUTIONS

(a, b, ¢, d) The potential shown is for charged spherical
conductor.

(a, ¢) Magnetic force on wire BC would be perpendicular

to the plane of the loop along the outward direction and
on wire DA the magnetic force would be along the
inward normal, so net force on the wire loop is zero and

torque on the loop would be along the clockw ise sense as

seen from O.

A
278,

(@) dV=—E-dr and E =

Where, r is distance from the axis of cylindrical charge

distribution  is equal to or greater than radius of cylindrical

charge distribution).
(d)
(b)

(515

C) Fgc = —

( ) BC 472'80 (R\/g)z
qZ

B 547¢,R?

8.  (a) Total charge enclosed by cube is —2C.

Hence electric flux through the cube is
&o
Ql _Q1+Q2 _Q1+QZ+Q3
9. (b 5= = >
47R° 4742R 4 B8R
(Qi+ Q2+ Qy)

= Q:Q,:Q,:1:3:5
10. (a)

11. (a, d) No. of electric field lines of forces emerging from
Q are larger than terminating at Q,



142 Physics

o2 o2 ) superposition principle; all points of PR have O potential.
12. (=) Pressure = gand force = z_gox 7R Considering the electric field at O;
Net field along OD
13, (d) %ﬂwpg —GE =6m7RV, _ 4K + 2K 0360 + 2K c0s60 = 6K

q=8.0x10"°C ><y
X

20.

14. (c) A=(ai +ak) x(aj) §ak -ai]

- - A n It
¢=E-A=Ej -pk @ai"]£3 ’ v
15. (c) Since the angle 6 = 45°
16. (a, b, c, d) On connecting V, =V, mg = q&
V
N kRQA=k§BB = qazmg
A
mgd  1-x10 ¥ x10 40 * 9
- = V= = =1x10""Volts
Also oR = constant q 1640 ©
o R K
o, R, 21. @dE=0 (r<R)=K2(sR)
r

17. (c, d) (d) is correct if we assume it is work done against
electrostatic force.

18. (a,c,d)Asq, =3 4 =4 E v

flux (/5:8& (c) | M _\

Obtain (a) is correct as for the two given faces charges are
symmetrically located.

Option (b) is not correct as for y=+% and yz—% e v

location of charge is symmetrical so fluxes will be equal.

\Y :K_F? (r <R) (Constant) :KTQ (r>R)

22. (c) COAM about the contact point la, = I+ mvr

. . a a . mr? w, = mrie+mvr = 2mvr
Option (d) is correct as for Z= +E and x:+§ location of 0

) _lwg
charge is symmetrical. ES -
1 q
: K=t 2 1 2qq
19 (a, b, C) 471'80 L2 23. (a) Fnet ZVSOXyZT;ZCOSQ
2 _ 2quy
Az y: +a?)
0 A6 K ,
60° — qu Xl3 as (y << a)
47,
2K F F
1 2 6%
Potential at O = —[ﬂ+i+q_ a9 _23_9_} -0 : - 0
dreylL L L L L L o
Any point on line PR is equidistant from the charges F .
<y

and E; A & D; B and C. Each mentioned pair of charges
are of equal magnitudes and opposite signs. Thus | by
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21, (@v=[X9Q )
r,=d +r;
2L
- KI(QJE dx=K—Q jldx The electrostatic field at point P is:
L/x L Jx
: <[p3aR)u K [phaR o)
2
:ﬂ(fnx)fL _KQypy QM2 — E-= 3 . 3 '
L L 4reyl R R
A B
° rZzZfyzz77777772 = E-Kplirg,-r)
| - | -
l X | = E :L i
s R 3e,
25. (b, d) Atpoint p,,—— AR 7R Py 0 L
4re, 4R 3g, 27. (c) _ _9

dre il 2me,ly 2é,

r Q I A f o
e
&I, 2 7TE T, 2 ) 2g

(3)-=(2)

AR_PR A _y 28. (c) For point outside dielectric sphere E = Lz
12 3 fol 4re,R

For point inside dielectric sphere E =E r
p(413) 7R®  p(4l3) 8R ° R

At point P,, = R T GR)? =0 Exact Ratio E,:E,:E,: =2:4:1
p 32 29. (a) E=30x4
P> =

2
= V,—V,=—[30x.dx=-80 J
0

26. (c, d) Intriangle PC,C
e 30. () Nature of electric field lines.

‘é‘ ]
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