The degree of electrification of a body is represented by the electrostatic potential of the
charged body. The direction of flow of charge between two charged bodies placed in
contact with each other is determined by electrostatic potential.

ELECTROSTATIC
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The electrostatic potential at any point in the region of electric field is equal to the * Dielectric and Capacitance

amount of work done in inngi ng a unit positve test d‘largc (without acceleration)

from inﬁnit}r to that point.
Work done (W)

Electrostaric puttntial (V)=
Charge (q,)

It is a scalar quantity. Its 51 unit is volt (V) and 1V =1 J/C and its dimensional
formula is [ML*T A ™).

MNote

Electrostatic potential (V) at a point is said to be one volt, when one joule of work is done in
mawing one coulomb of positive charge (without acceleration) from infinity to that point.

Work done ([W_ ] ) by an external force in bringing (without acceleration) a
unit positive charge from infinity to a point is equal to the potential (V') at that
point,
W, -[(W_]
ie. V= W ) = — [ (W ] e == (W e ]

o Gy



where, [W_],,.. is the work done by the electric field on a
charged particle as that particle moves from infinity to a
point. A pat:ntisl (V) can be positive, negative or zero
depending on the signs and magnitudes of g and W_.
Note Electric potential is state dependent function as electrostatic

forces are conservative forces. Mo work is done in moving a unit
positive test charge over a closed paih in an elecinc field.

EXAMPLE |1] Potential at a point P in space is given as
3%10°V. Find the work done in bringing a charge of
2 x 107%C from infinity to the point P. Does the answer
depend on the path along which the charge is brought?
Sol Given,
Potential at the point P,
V =3%10°V, charge, g, = 2x10°C
Work done in bringing the charge from infinity to the
point P is
W.=g,V=2x10"x3x10
=6x107" =06]
Mo, the work done will be path independent.

ELECTROSTATIC POTENTIAL
DIFFERENCE

Electrostatic potential difference between two points P and
Q of a charge configuration consisting of charges
qyaqs Gz 4 ,and g is equal to the work done by an external
force in moving a unit positive test charge against the
clectrostatic force from point @ to P along any path
between these two points. Figure shows that work done on
a test charge g, by the electrostatic field due to any given
chargc cnnﬁgurntion dcpcnds Dnly on the position of initial
point ) and position of final point 2. Work done is
indcpcnd:nt of the path chosen in going from Qo P

Q
m‘qﬂ P
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Electrostatic potential difference between two points P and Q

If Vo and V', are the electrostatic potentials at @ and P
rcspccrivcly, then electrostatic potcntial difference berween
points ) and P is

AV =V, - VQ

Thus, AV =
o

The dimensional formula for electrostatic potential
difference is given b}r

Wor  [ML*T™)
qo [AT]

The SI unit of electrostatic p-ntcntia] difference is volt.
1IV=1]JC'=1N-mC™

AV = =[ML*TA™")

Thus, electrostatic purcnriﬂl difference between any two
points in an electrostatic field is said to be one volt, when
one joule of work is done by an external force in moving a
positive charge of one coulomb from one point to the other
against the clectrostatic force of field without any
acceleration.

Mote One electron-volt (1eV) is the energy equal fo the work
required to move a single elementary charge e such as an electron
or the proton through a poiential difference of exactly one volt (1V).

1eV=e (1V)= (1.60 x 107°C) (1/C)= 1.60 x 107"%4

EXAMPLE |2| The potential difference between two
points is 20 V. How much work will be done in carrying a
charge of 400 uC from one point to the another?

Sol Given, AV =20V andg=400uC=400%10"" C

We know that,
Electrostatic potential difference = M
Charge
= av=X
q
= 20 = W
400%107

W=20x400%x10 *=8x107"]

EXAMPLE |3| If 100 J of work must be done to move an
electric charge of magnitude 4 C from a place 4, where
potential is —10 V to another place B where potential is
V wolt. Find the value of V.

Sol Given, W,,=100], g=4C, V, =-10V, V,=V="?

Wy =q(Vg—Vy)
= 100=4(V+10) = V=15V

Since,

ELECTROSTATIC POTENTIAL
DUE TO A POINT CHARGE

Let P be the pointata distance r from the origin () at which
the electric pl:l-tcnrial due to cha_rgc +4qis rcquircd,

+q +1C
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The electric potential at a point P is the amount of work
done in carrying a unit positive charge from =o to P. As,
work done is independent of the path, we choose a
convenicnt path alung the radial direction from inﬁnity to
the point P without acceleration. Let A4 be an intermediate
point on this path where 04 = x. The electrostatic force on
4 unit positive chargc at A 1s given by
1 g*1
4me, 2

[along OA] ...(1)

Small work done in moving the chargc thmu.gh a distance
dx from A to B is given by

dW =F-dx
= Fdxcos 180° = —Fdx [ cos 180°=—1]
= d W == Fdx ...(ii)

Total work done in moving a unit positive charge from eato
the point P is given by

W:[' —F dx
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= W= 4
fhtﬁﬂr

... (11}

From the definition of clectric potential, this work is equal
to the potential at point P

q
4me o

V=

A positivdy chargcd particlc pmduccs a positive electric
potential. A negatively charged particle produces a negative

eleceric putcnrial. Here, we assume that electrostartic
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Variation of electrostatic potential V and electric field £ with distance r

1 1 1
Due toa singlc chargc. Foc—, Eoe - but ¥ o< —, where
r r r

r is the distance from the chargc.

EXAMPLE |4| What is the electrostatic potential at the
surface of a silver nucleus of diameter 12.4 fermi? Atomic
number (Z) for silver is 47.

12.4 . —
Sol Given, r=——=6.2fermi=6.2x10""mand 7 = 47
2

- Charge of the nucleus, g = Ze =47 x1.6x w*c

[ e=16x10"""C]
.. Electrostatic potential at the surface,
g _9x10° x47 x1.6x107"

— = 1.09x10"V
6.2X10°

V=

4me,r

EXAMPLE |5| A point charge @ is placed at point 0 as
shown in the figure. Is the potential difference (I, — V)
positive, negative or zero, if  is
(i) positive? (ii) negative?
Q A

Dg-------‘.-------g

All India 2011

Sol Let the distance of points A and B from charge QY be r,

and rg, respectively.
. Potential difference between points A and B,

v V—Q 1 1
. 341'&:0(_1 g

potential is zero at infinity. Eq.(iv) shows that at equal As, ry=04,rp=0B and r, <ry
distances from a point charge g, value of V'is same. - 1.1
Hence, electrostatic p-ntcntia] due o a singlc chargc 15 Ty Tg

spherically symmetric. Figure given below shows the

variation of electrostaric potential with distance, ie. V o=

and also the variation of electrostatic field with distance, 1.e.

1
.ED":—Z.

r

Therefore, I:L - 1—:' has positive value.
Fa Ts

F (V, — V;)depends on the nature of charge Q.

{i)(V, — V)is positive when @ > 0, then

(ii)(V, — Vg )is negative when Q< 0.



ELECTROSTATIC POTENTIAL
DUE TO A SYSTEM OF CHARGES

Let there be a number of point cha.rgcs G1s F1s G302 § AL
distances NaTys Tyaeensly rv:s[:m.:-::l:i‘\-'t:l:.-r from the point P,
where electric potential is to be calculated.

Potential at P due to charge g,

A system of charges

Similady, V,=——. 22 y -1 5
4ME, ryp dme, rp
1
v, = n
4ﬂ£u TP

Using superposition prinl:iplc, we obrain resultant potcntial
at point P due to tortal chargc conﬁguratiun as the alg:braic
sum of the pntcntia]s due to individual chargcs.

- V=V, +V,+V, 44V,

1 1 1
= = .q_].p _-?_1+ 1?_3}+
4mMe, np 4ME, ryp 4ME, nyp
1
+ q_“
4EEQ ]
1 :r
4meg\rp np nHp TP

Py

1 = q;|
V= r &
4ME, i=lryp

=

The net electrostatic potential at a point due to multple
charges is equal to the algebraic sum of the potentials due to
individual EJ.'.I.:-I.I'ECS at that p:-lrticul:-l.r point.

Mathematically, it is expressed as

Vru:[ = i V:'

i=1

w Important Results

N Mgy Ty B1E position 'u'ec:til::urs ufthevlc:harge'sqll,qz,qr..., d,
respectively, then electrostatic potential at point P whose
position vector is ry, would be

L"'=1 y 5

T 5 [ro-1)

« If we have to calculate electric potential due to a continuous
charge distribution characterised by volume charge density
p(r), we divide the entire volume into a large number of small
volume elements each of volume AV,

AV

Charge on each element= pA V.

+ For a uniformly charged conducting spherical shell, the
electric field outside the shell is as, if the entire charge is
concentrated at the centre. Thus, the potential outside the
shell is given by

v=_1l_.9

dmey r

where, g is the total charge on the shell and R is its radius. The

electric field inside the shell is zero. This implies that potential is

constant inside the shell (as no work is done in moving a charge

inside the shell) and therefore equal to its value at the surface,
which is

[-rzRl

[

EXAMPLE |6| Two point charges of 4 uC and -2 puC are
separated by a distance of 1 min air. Find the location of a
point on the line joining the two charges, where the
electric potential is zero.

Sol Let the electrostatic potential be zero at point P between
the two charges separated by a distance x metre.

4uC P =2uC
o o O
—K —] =
i im
At point P, Vo=V, +V, =0
1 1
= _.q_]+_.q_2=[|
ame, n 4mE,
1oaxa0m® 1 (2x10mf)
4me, x 4me, (1—x)
4%100°  2x107°
= =
x (1—x)
4 2
= —_—
r (1—-x)
= Al-x)=x
2
= 2=3x or x=§

. Electrostatic potential is zero at a distance 2/3 m from
charge 4C between the two charges.



EXAMPLE |7| A charge Q is distributed over two
concentric hollow spheres of radii r and R (=r) such that
the surface densities are equal. Find the potential at the
COMMON Centre.

Sol Let g andg, be the charges on them.

4 _r
g K
iLe. charge on them is distributed in above ratio
R
or ¢ =———@Q andg,= Q
PR PR

Potential at centre
V= Potential due to g, + Potential due to g,
1 q, 1 9 _ Q(R+r)
ame, r 4me, R ame,(r’ +RY)

EXAMPLE |8| Two spherical metal shells with different
radii r and R are far apart and connected by a thin
conducting wire. A charge 0 is placed on one of them. The
charge redistributes so that same is on each sphere. How
much charge is on the sphere with radius r?

S0l The electrical potential of a spherical shell with charge g
and radius ris kq/r, where k =1/4ng, ).
Since, the shells are joined by a conductor the charge will
distribute between them so that they attain the same
electrical potential.
Let the charge on the sphere with radius rbe g, and that
on the another sphere g,. Then, equating the potentials
gives g, fr=gy /R

= qr = 4qg (r/R) ()
*~ The total charge equals the original charge.
i 0=¢. +qx = qz=0-4,

By Eq. (i), 4, =(Q —q, Nr/R)

Solving for g, gives g, (1 +r/R)=(r/R)
= g, =Qri{R+r)
which is the required charge.

Note The value of k is not needed, stating proportionally is
sufficient.

ELECTROSTATIC POTENTIAL
DUE TO AN ELECTRIC DIPOLE

Let us consider an electric dipole consisting of charges + g

and = g separated by a distance 2a.
The dipole moment |p| =g % 2a.
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Electric potential at point P due to electric dipole

Let O be the centre of the dipolc, P be any point near the
clectric dipole inclined at an angle 8 as shown in the figure.

Let P be the point at which electric potentdal is required.

Potental at P due o -gq chargc, V, = ime
o

q

Potential at P due to + g charge, V, =F
o2

As, putcntia] is related tw work done b}f the field,
clectrostaric  potendal also follows the superposition
principh:. Therefore, pcl-tcntia| at P due to the d.ipoh:,

11
Vp =V, +V, =—1 [———] (i)
- 4T:Eﬂ Fa n

Now, b}' geometry,
:"]z =72+ a4 2arcosB

Simﬂaﬂy, rzz =r 4+ a’+2ar cos (180° —8)

or rf =r 4+ a’ =2arcosB [ cos(180°=80) = —cosf)]

2
¥ ¥ el
and n =r" ]+—2+—msﬂ
r r



a
Ifr>> a, — is small.
r

2
Therefore, E—I can be ncgh:ctcd.
r

2
= r2(1+—dcusﬂ]

r

2a 142
n= r(]+—cusﬁ')

—
r
=112
1 1 2
or —:—{1+—ﬂcosﬂ]
nor r
—142
1 1 2
Similarl}r, —_=— (] - cos 'ﬂ']
BT r

Putting these values in Eq. (i), we obtain

[ L 1]
P = q Il{]—z—ﬂcosﬁ] 2—1(1+2—dcusﬂ] ZI
41’!.[-:9 lr r r r J

Using Binomial theorem, [(1+ x)" =1+ nx,x<<1] and

.. .o
rctalnlng terms UFtﬂ tl'lf first ﬂl'dl:l' mn —, we set

r
-1 I:(l+£cusﬁ]—(1—icusﬁ]:|
4me or r r

= 9 r1+£::v|:rsﬁ— l+£c1:usl‘:'!'1
-'-i:TtE:nrl r r J

q
g% 2acosf

Vi

Zrzcusﬂ']

4708 or r

4II:‘Eﬂr2

_ PEDSB |

Vp [ p=gx2a]

41'I:E{,r"

As, peosB=p.r1
where, T is a unit vector a||:|-ng the position vector OP =r.

.. Electrostaric putcntial at point P due to a short dipolc

T i

(a<<r) is given b
o Y 4me ﬁrz

The potcnri:;l dl:pcnds just not unl}r on the position vector
r, but also on the angle between the position vector rand the
d.ipolc moment P. The electric pran:ntial due to an electric
dipole at point P varies inversely with square of r, i.e. the

distance onDint P from the centre of the dipolc.

Electrostatic Potential due to
“’ Dipole on its Axis and Equatorial Plane

(n the dipole axis, =0"or
v=t_F
4:rr£ﬂrz
I r
O =====m=e= +-------- O ==mmmmemn |- ---Axiz
-q D +q P
I 2d 1

Positive sign for 8 = 0° and negative sign ford =

In the equatorial plane, 8 =%

cosf=cosE=0
2

V=0

Axig
1+ q

Thus, electrostatic potential at any point in the equatorial plane
of dipale is zero.

Differences between electric potential due to an electric dipole
and due to a single charge are given as below:

(i} The potential due to a dipole depends not just on r but
also on the angle between the position vector r and dipole
mament vechor p.

{ii) The electric potential due to dipole falls off at large
distance as 1/r2 not as 1/r, which is a characteristic of

the patential due to single charge.

EXAMPLE |9| An electric dipole consists of two charges
of equal magnitude and opposite signs separated by a
distance 2a as shown in figure. The dipole is along the
X-axis and is centred at the origin.

—Q—ra

-q

(i) Calculate the electric potential at point P.
(ii) Calculate ¥ at a point far from the dipole.
Sol (i) For the point P in figure,
Vek Tdop, [ 1 __
L X—a

q |__2Zk.qa
x+a xz—az

(ii) If point Pis far from the dipole, such that x == a, then
can be neglected in the terms, x*—a® and V

2
i

becomes
_2k_ga

F
X

Vv

[ x=>a



EQUIPOTENTIAL SURFACES Case II The equipotential surfaces for a uniform

electric field are as shown below in figure
Any surface which has same electrostaric pntcntia| at cvery point, by dotted lines.

on it is called an equipotential surface. For a single charge g, the

1
i This indicates that V' is a — e
411:En r

Eguipotential surfaces

pntcntia| is given by V=

constant, if 7 is constant. Thus, the equipotental surface for E
single point charge are spherical surfaces centred at the
chargc.Thc cquiput:ntial surfaces can be drawn thmugh any

region in which there is electric feld. IF all the points at same Equipotential surfaces for a uniform electric field
pntcnmfl in tl'_u: electric field are joined, then an equipotential Case Il The equipotential surfaces due to two
surface is obrained. . . ..

) ) identical positive charges are as shown
The shape of equipotential surface due to a below

(i) line charge is cylindrical (i) point charge is spherical.
Different propertics of cquiputcntial surfaces are given as below:

(i) Equipotential surfaces do not intersect each other as it
gives two directions of electric field at intersecting point
which is not pussiblc,

(ii) Equipotential surfaces are closely spaced in the region of Equipotential surfaces due to two pesitive charges
strong electric field and widely spaced in the region of
weak electric field.

Case IV The equipotential surfaces for an electric

dipole are as shown below in the figure

(iii) For any charge configuration, equipotential surface by dotred lines.
through a point is normal to the electric field at that point Equipotential
and directed from one equipotential surface at higher surfaces
potential to the other equipotential surface at lower )

putcnti:-ﬂ.

(iv) No work is required to move a test charge on an
equipotential surface.

(v) For a uniform electric field E, let alnng X-axis, the
cquipotcntial surfaces are normal o the X-axis, L.e. pla.ncs
paral|c| to the I/Z"F'lill'lf- Equipotential surfaces due to an electric dipole

Equipotential Surfaces in Different Cases  Electric ficld is always perpendicular to an
cquipun:ntial surface and as a result, work done in

moving a chargc berween two points on an

Case] The equiporential surfaces produced by a point
charge or a spherically symmerrical charge
distribution is a family of concentric spheres as

shown below in the figure. Mote This topic has been frequently asked in previous
years 2014, 2013, 2011, 2010.

cquipun:ntial surface is zero.

EXAMPLE |10| Two charges 2uC and = 2 uC are
placed at points A and B, 5 cm apart. Depict an
equipotential surface of the system. Delhi 2013

Sol Equipotential surface means the surface where
potential remains same at each point.
Here, this is the system of two equal and opposite
charges.
2pC =2 uC
A c B

Equipotential surfaces for a point charge



The potential at C (mid-point of AB),

V= _1 [i + q_2]
amegln n

1 [ 2xw

4me, | 25%107

—2x10™°¢
+{ _z} —0
2510

Thus, potential is zero at each point on the line which
passes through the mid-point of AB and perpendicular
to it. So, a plane passing through the mid-point C of AB
is an equipotential surface.

*

[}

1

1
_ 25cm = 26cm
A C B

Relation between Electric Field and
Electric Potential

Let us consider a positive test ch:argc (g,) moves a distance
(ds) from onc equipotential surface to another.The
displacement (gs) makes an angle (8) with the direction of
the electric field (E).

Supposc a positive test charge (g,) moves through a
differential displm:cmcnr d's from one tquipntcntia] surface
to the adjaccnt surface.

We know that the work done by the eleceric fild on the test
charge during its movement is — gy dV. We sce that the

work done by the electric field may also be written as the
scalar pmduct (g,E ~ds) or g, cos 0 s

i
1
i
[
1
'

Two equipotential surfaces

Displacement of charge between
two equipotential surfaces

Equating these two expressions for the work yields

= gpdV =gy F cosb s

= Ecusﬂ=—d—v
els

Since, E cosB is the component of E in the direction of o,

therefore
av
E,=-2_
: s

where E_, E_,r and E_ are the x, ¥ and Z-COMPONents of E
at any point, then

E=Ei+E j+Ek

v av v
E,=—" E =-"" F,=-"
T T Ty T a
V. AV AV -

F=a| 230 205, 2 g
[ﬂxl+ayl+az ]

For the simple situation in which the electric field E is

uniform. _
AV
F=———

m o

Negative sign shows that the direction of electric field E in
the direction of dl:cn:asing potcntial.

Since, AV is negative, then AV = —|.-'}.V|

We can rewrite this cquation as given below

”

AV |

As As

Further, the magnitude of an electric field is given by
change in magnitude of potential per unit displacement
normal to the cqujpurcntial surface ar the point. This is
called potential grm:lient, Le.

|V

|E| == T = — (Potential gr:;dicnt]

We thus arrive ar two important conclusions concerning
the relation berween electric field and potential which are as
given below

(1) Electric field is in the direction in which the poten tial

decreases steepest.

(ii) Its magnitude is given by the change in the
magnitude of potential per unit displacement normal
to the l:quiputcnrial surface ar the point.

EXAMPLE |11| A small particle carrying a negative
charge of 1.6 % 107 Cis suspended in equilibrium between
the horizontal metal plates 5 cm apart, having a potential
difference of 3000 V across them. Find the mass of the
particle.

Sol Here, g=-16%107"C,

dr=5em=5x10"m

and  dV =3000V
E__av_ —3000

= —6x10 Vm™
dr sx107




As, the charged particle remains suspended in
equilibrium, therefore

F =mg=gE
o E _ (—1.6%107% )% (— 6x10%)
4 9.8
=98x107" kg

EXAMPLE |12| The electric potential in a region is
represented as

V=2x+3y-=z
Obtain expression for electric field strength.

Sol. As, =[5,V
dx  dy dz
av
H —=—(2x+3y—z)=
ere, o ar{r+ y—z)
a—v=i{21+3y—z}=3
dy dy
av 4
and E—${2r+3y—z}——1

- Electric field, E=—2i 3] +k

EXAMPLE |13| In uniform electric field, E = 10 NC™ as
shown in figure.

Find
(i) Vg — Vg () Vg -V,
Sol Since, electric field is directed from higher electric
potential to lower electric potential,
(i) Thus, Vz=>V,, so V, — V; will be negative.
Further, d,;=2cos60®=1m
s V= Vy=—FEd,; =(-10)(1)=-10V
(ii) As, V=V,
Further,

so Vg — Vi will be positive.
dg. =20m
V-V =(10)(2)y=20V

ELECTROSTATIC POTENTIAL
ENERGY OF A SYSTEM
OF CHARGES

Elecrrostaric potcntial energy ofa system of point chargcs is
defined as the total amount of work done in bringing the
different chargcs to their respective positions from infinin:l}'
large mutual separations.

Electrostatic Potential Energy

of a System of Two Point Charges
Consider two point charges g, and g, lying at points A and
B whose locations are L and ry, rcspcctivcly,To find the
electric potential energy of these two charges system, we
must mentally build the system starting with both charges
inﬁnitcl}r far away and at rest. First, the chargc gq,is bmu.ght
from infinity to the point r. There is no external ficld
against which work needs to be done, so work done in
bringing g, from infinity to 7, is zero. Vis potential that has
been set up by g, at the point B, where g, is to be placed.

¥,
,qq' e
[ B
]
/ﬂ x
7
. __ ! 4
T dmey

where, TR the distance between points A and B.
By definition, work done in carrying chargc gy from == to B

15

1
W = Potential % Charge = -q—l-q_y
MEy Tap
_ 1 4.9,
4ME,  Tum

This work is stored in the system of two point charges g,
and g, in the form of electrostatic putcntial energy L/ of the
system.

1 4.9

Thus,
4ME, rap

=W =

Electrostatic potential energy is a scalar quantity. In the
above formula, the values of 4, and 4, must be with proper
signs. If g,,4, >0, then potential cnergy is positive. It
means that two charges are of same sign, i.c. they repel cach
other. Then, in bringing closer, work is done against the
force of rcpulsion. so thar the electrostaric pl:l-n:ntial energy
of the system increases.

Cunvcrschr, in separating them, work is obtained from the
system, so the potential energy of the system decreases.

If g, = 0,4, <0, potential energy is negative. It means that
wo are uf'oppositc sign, Le. l:hcy attract each other. In
this case, potential energy of the system decreases in bringing
them closer and increases in separatng them further.



EXAMPLE |14] In a hydrogen atom, the electron and
proton are bound at a distance of about 0.53 A.

(i) Estimate the potential energy of the system in eV,
taking the zero of the potential energy at infinite
separation of the electron from proton.

(ii) What is the minimum work required to free the
electron, given that its kinetic energy in the orbit is
half the magnitude of potential energy obtained in (i)?

(iii) What are the answers to (i) and (ii) above, if the zero of
potential energy is taken at 1.06 A separation? NCERT

Hints: The potential energy of any object at any point is equal
to the difference in its potential energy at infinity and at that
point. Work done is equal to the total energy of the system.

Sol. Charge on electron, g, =—1.6% 10" ™ C and charge on
proton, g, = 1.6 107 Be

——r =053 A —=

-1Ex107"°C 16x107™C
e ' p

(i) Potential energy of the system

= Potential energy at infinity

- Potential energy at a distance of 0.53 A
=0— %%
4ME, r
ﬂ_?xm‘ % (—1.6)% 107 x 1.6% 107
053 107"
=—4347x 107" [1eV=1.6x10""]]
4347 % 107"
= =—72716eV
L6 107

(ii) The kinetic energy =— 1 » Potential energy
2

1
=——x (-27.16) =13.58 &V
2

Total energy = KE+ PE=13.58 - 2T.16 = -13.58 eV

Thus, the minimum work done required to free the
electron is 13.58 eV.
(iii) Potential energy at separation of 1.06 A

_ 1 4.9,
4me, 106% 107"
_—9%10” x(-16) %107 x1.6x107"

1063x107"
=-1 T3 =107 ]
2173 % 107"
=————— — =—1358¢eV
1.6 % 10

Thus, the potential energy of the system at 1.06 A

= PE at distance 1.06 A — PE at distance 0.53 A
=— 13.58 — (- 27.16) = 13.58 eV

Thus, on shifting the zero of potential energy, work
required to free electron remains same and it is equal

to 13.58 eV.

Electrostatic Potential Energy of a
System of Three Point Charges

Let us now consider a system of three point d'iargcs 1243
and g; having position vectors 1y, 1, and 1, respectively as
from origin.

Tea L
Ga
Mz Mz
L
Three point charges system

To bring g first from infinity to position r, no work is
required because we bring charge g, from infinity to a
particular location where potential is zero.
Therefore, W, =0
The work done in bringing g, from infinity to positionr, is
given b}-’ W, =g,V {rz]

_1 a1

4ne, n,

Charges g and g5 produce a potential which at any point P
is given by

1
Vi )= [ff_l,, ff_z]
dneg \ns

Work done in hringing q3 from inﬁl‘lil’j’ to position ry 15 43

tmes Vy 5 atrn,
W3 =43 V1,2 (1)

__1 (995 9295
g\ ny

The total work done in assembling the charges at the
given locations (l:qual to the porcntial energy of the
system) is obtained by adding the work done in different

StL‘FS.
U=W,+W,+W,
1 1

= =0+ g2 N5 | 9293

4ﬂ£ﬂ na 4“,3 ',"I& rzi

1
= U= [‘h‘fz +‘1"1‘i’5 + q293 ]

dmeq | mo E) a3

This result can also be expressed in summation form as
[ 1
303 4.9;
U= 1 5 ¥ q:9
4_155“ i=lj=1 ;.

=i Y




Due to the conservative nature of elecrrostaric force, the
value of IV is indl:p:nd:nt of the manner in which the
cunﬁguratian is assembled.

If we write the distance |r;- - rjl as 1, the above equarion
may be expressed as for system of n point charges system.
‘l n n ql- q}

r X
4ﬂ£ﬂ j=|§::|_ T!J;

=

Electrostatic potential energy of a system of N point charges
is equal to the toral amount of work done in assembling all
the charges at the given positions from infinity.

= Potential at T due to all other charges

The SI unit of electrostatic potential energy is joule (]).
Another convenient unit chncrg}' is electron vole (eV).

leV=16x10""Cx1V=16x10""]

EXAMPLE |15| Three charges (all g = 10C ) are placed
at the edge of an equilateral triangle of side 2 m. Find the
net potential energy of the system.
Sol Given, charge, g =10C (g, =g, =gq)
Each side of equilateral triangle, r = 2m
Potential energy (PE) =7
Potential energy between two charges is given by

PE = -'f'l':'l'z
r
. PE of system will be three times the potential energy
between the two charges as the equal charge is placed at
the vertices of equilateral triangle.
_3xkqq _3kg® _3x9x10° x10x10
r r 2

=135x10" ]

[+ r = distance between g, and q,]

So, PE

EXAMPLE |16| Three point charges g, 2q and 8q are to
be placed on a 9 cm long straight line. Find the positions
where the charges should be placed such that the
potential energy of this system is minimum. In this
situation, what is the electric field at the position of the
charge g due to the other two charges ?

Sol. Consider the given situation as shown in figure.

2q q 8q

X 9-x

For potential energy to be minimum the bigger charges
should be farthest. Let x be the distance of g from 24.
Then potential energy of the system shown in figure

would be
- K[[241{41+i3¢1']{q}+i211‘l[3¢1'ﬂ
x (9— x) 9
Here, K=;
4me,
For [J to be minimum E+ g should be minimumm.
¥ 9—x
i E+ 8 =0
delx 9—x
S 2, =
¥ (9—x)
X 1
=5 =—
9—x 2
or x=3cm

i.e. distance of charge g from 24 should be 3 cm.
-~ Electric field at g,
e ko
(31077

_ Kisqg)
(6 x 1075

EXAMPLE [17| If one of the two electrons of H,
molecule is removed, we get a hydrogen molecular ion H7 .
In the ground state of an HJ, the two protons are

separated by roughly 1.5 A and the electron is roughly 1 A
from each proton. Determine the potential energy of the
system. Specify your choice of the zero of potential
energy. NCERT

Sol. Let there are two protons p, and p, with an electron e.
&

1A~ 1A

J‘- \\.
~ T3
.— "

- I *a
[ 154 pa

Distance between two protons is given by
r=15A=15%x10"m

Distance between proton p, and electron e is given by

n=1A =1x10""m
Distance between proton p, and electron e is given by
r=1A=1x10"m
The total potential energy of the system,
o 9.9, +qp|qe o 9p .9
4me, h r r

Given, g, = gq,, = 1.6x107°C

i)

and ¢, =-16x10"C



Putting these values in Eq. (i), we get
1.6% 107" x L6x 1077
15% 107"

U=0x 1u"[

+|{1_ex 10"y (—1.6x 107"%)

1u—1h
Lex 107" % (—1.6x% 107")
+ 10—1&

T E_l_l

=—30.72x 107" ]

_-3072x%10" "
16x10™ "

_9x10" x16x1.6x10"* [ 1 ]

eV=-192eV

Here, we use that potential energy at infinity is zero.

POTENTIAL ENERGY IN AN
EXTERNAL FIELD

A single charge or a system of charges possess electrostatic
potential energy in the presence of an external electric field,

these are discussed as follows.

applied to the dipole so that it rotates from angle 8, 10 0,
with respect to the electric field (E).

E
[ B
-acosh ! "
[ Y
E “'/I,;iaﬂy
¥-g |}

P

Dipole in a uniform external field

The amount of work done h}r the external torgue is given |:|:-,r

By By .
% :Ja. .. 040 =jal PE sin 040

= pE[-cusa]gf

= pE (cosB, =cos0,)

The work done W is stored as the pnt:ntial energy of the
system. Therefore, the pnn:ntial energy of the dipulc placcd
in external field E is given b}'

[ U) = pE (cosB, —cusﬂ_,]]




POTENTIAL ENERGY IN AN
EXTERNAL FIELD

A single charge or a system of charges possess clectrostatic
potential energy in the presence of an external electric field,

these are discussed as follows.

Potential Energy of a Single
Charge in External Field

Potential energy of a single charge ¢ at a point with position
vector r in an external field =g-V (r), where V(r) is the

potential at the point due to external electric field E.

Potential Energy of a System of Two
Charges in an External Field
For a system of two charges ¢, and g,, the potential energy

is given as,

N9
U=q 'V(f)+q2'V(f2)+_
[ l ' ATE o7y,

where, ¢,,4, = two point charges at position
vectors rand r,, respectively
V (r,) = potential at r; due to the external field

and V(ry) = potential at ry due to the external field.

Potential Energy of a

Dipole in an External Field

Consider a dipole with charges +4 and =4 placed in a
uniform external electric field as shown in the figure. In a
uniform electric field, the dipole experiences no force, but
experiences a torque T given by T=p X E.This torque will
tend to rotate the dipole. Suppose an external torque T, is

= pE|—C050)g"

= pE (cos®, =cosB,)

The work done W is stored as the potential energy of the
system. Therefore, the potential energy of the dipole placed
in external ficld E is given by

[U(O) = pE (cos B, —cosez)]

$ Particular Cases
(i) When the dipole is initially aligned along the electric field,
i.e.0, = 0°and we have to set it at angle @ withE, i.e.
0, =0.
W = =pE(cosd - cos(P)
= =pE(cosh - 1)
This work done is stored in the dipole in the form of
potential energy.
(ii) When the dipole is initially at right angle to E, i.e. 8, = 90°
and we have to set it at angle@with E, i.e.8, =6.
W = =pE(cost - cos90°)
= =pE cosO
*. Potential energy of dipole, U = W = =pE cos8
U==-pE

Obviously, potential energy of an electric dipole is a scalar
quantity. It is measured in joule.

Important Results
Some important results related to electric dipole are as given
below
(i) Electric potential at any point on the bisector of dipole is
zero.
(ii) A dipole experiences a net force in a non-uniform electric
field.
(iii) A dipole experiences maximum torque at the position
where potential energy is zero.




EXAMPLE |18| An electric dipole of length 4 cm, when
placed with its axis making an angle of 60° with a uniform
electric field, experiences a torque of 4+/3 N-m. Calculate
the potential energy of the dipole, if it has charge + 8 nC.

Delhi 2014
Sol Given, length, Za=dem =4x 107 m

Angle, 8= 60°
torque T = 443 N-m
Charge, 0 = 8x10° *C
We know that, T=((2a) E sin @
= Electric field, E = ————

(2a) sinB

45 N/C

Ex10 ¥ x4 x10°* x sin60®

- Potential energy, U = — pE cos 8

=—((2a)E cos B
=—8x107° x4 %107 x
[ 41"5!.:::}360“ 1
8% 107" % 4% 107" x sin 5n°J
—443

=7.—3 =—4_|

EXAMPLE |19| A point charge g is fixed at origin. A
dipole with a dipole moment p is placed along the X-axis
far away from the origin with p pointing along positive
X-axyis. Find
(i) the kinetic energy of the dipole when it reaches a
distance d from the origin.
(ii) the force experienced by the charge g at this moment.
Delhi 2003
Sol (i) Applying energy conservation principle, increase in
kinetic energy of the dipole = decrease in electrostatic
potential energy of the dipole.
- Kinetic energy of dipole at distance d from origin
=U;-U; =0—(-p-E)=p-E

=ip-*}-[ 1 ‘“]— 9P

1=
ang, d* | 4amed?
(ii) Electric field at origin due to the dipole,
1 2p:
E=—=i wE,TT
— [ E.TTp)

~. Force on charge g,

F=gE = k| :i
2med

TOPIC PRACTICE |

OBJECTIVE Type Questions

1.

Which of the following is not a unit of
electrostatic potential?

(a) Volt

(b) Joule/coulomb

{c) Newton / Coulomb

(d) Newton - metre / Coulomb

Work done by an external force in bringing a

unit positive charge from infinity to a point is

(a) equal to the electrostatic potential (V) at that
point

(b) equal to the negative of work done by
electrostatic forces

{c) Both (a)and (b)
(d) Neither (a) nor (b)

To find the value of potential at a point, the
external force at every point of the path is to be
equal and opposite to the

{a) work done

(b) electrostatic force on the test charge at that point
{c) Both (a) and (b)

(d) Neither (a) nor (b)

If electrostatic potential at the surface of a
sphere of 5 em radius is 50 V, then the potential
at the centre of sphere will be

(a) 10V (b) 50V

(c) 250V (d) zero

The electrostatic potential of a uniformly
charged thin spherical shell of charge Q and
radius R at a distance r from the centre is

(a)

for points outside and
4mE,r 4me, R

inside the shell
for both points inside and outside the shell

Q

4ME 1

for points

(b)

4me r

(c) zero for points outside and for points inside the

shell
(d) zero for both points inside and outside the shell



6. Apositively charged particle is released from

rest in an uniform electric field. The electric
potential energy of the charge NCERT Exemplar

(a) remains a constant because the electric field is
uniform

(b) increases because the charge moves along the
electric field

(c) decreases because the charge moves along the
electric field

(d) decreases because the charge moves opposite to
the electric field

Figure shows some equipotential lines

distributed in space. A charged object is moved

from point A to point B, NCERT Exemplar

{a) The work done in Fig. (i) is the greatest

(b) The work done in Fig. (ii) is least

(c) The work done is the same in Fig. (i), Fig.(ii) and
Fig. (iii)

{d) The work done in Fig. (iii) is greater than Fig. (ii)
but equal to that in

20 40V o
I
DL
ERRIEVIEEC P
R T i i i i
REEERRIR N
100 20W30VA0VE0NV 10V 30V 50V 10V EEI'L' 408 500
Fig. () Fig. (i) Fig. (i)

Equipotentials at a great distance from a
collection of charges whose total sum is not
zero are approximately

(b} planes

(d) ellipsoids

(a) spheres
(c) paraboloids
Two similar positive point charges each of 1nC

have been kept in air at Im distance from each
other. What will be the potential energy?
(a)1] (b)1eV

(e)ox10"*] (d)o

VERY SHORT ANSWER Type Questions

10. A point charge + Q is placed at point O as shown

1.

in the figure. Is the potential difference (V, — Vg)
positive, negative or zero?
Delhi 2016, Foreign 2016, Delhi 2011

Is electrostatic potential necessarily zero at a
point, where electric field strength is zero?
[llustrate your answer. Delhi 2010

12.

13.

14.

15.

16.

The potential due to a dipole at any point on its
axial line is zero. Correct or Wrong?
All India 2009C

A charge q is moved from a point 4 above a
dipole of dipole moment p to a point B below
the dipole in equatorial plane without
acceleration. Find the work done in this

process. All India 2016
A

i

!
= i- ------ -+

i

i

1

i

B

Why are electric field lines perpendicular at a
point on an equipotential surface of a
conductor? All India 2016, 2015C

Define the term potential energy for charge g at
a distance r in an external field. All India 2009

For a uniform electric field given as shown
below, at what point will the electric potential
be maximum?

A *B

*C

SHORT ANSWER Type Questions

17.

18.

19.

20.

21.

Draw a plot showing the variation of
(i) electric field (E) and (ii) electric potential (V)
with distance rdue to a point charge Q.

What is the geometrical shape of equipotential
surface due to a single isolated charge? Delhi 2013

Can two equipotential surface intersect each
other? Justify your answer. Delhi 2011

Give the equipotential surface at a great

distance from a collection of charges whose
total sum is not zero.

Two point charges 3uC and —-3uC are placed at
peints A and B, 5 cm apart.
(i) Draw the equipotential surfaces of the
system.
(ii) Why do equipotential surfaces get close to
each other near the point charge?
All India 2011



22,

23.

24.

25.

26.

27.

28.

Two uniformly large parallel thin plates having
charge densities + o and — o are Kept in the
XZ-plane at a distance d apart. Sketch an
equipotential surface due to electric field
between the plates. If a particle of mass m and
charge — g remains stationary between the
plates. What is the magnitude and direction of
this field? Delhi 2011

Find out the expression for the potential energy
of a system of three charges gq,, q, and g,
located at r;, r» and ry with respect to the
common origin C. Delhi 2010

Two point charges q, and g, are located at r, and
ry, respectively in an external electric field E.

Obtain the expression for the total work done
in assembling this configuration. Delhi 2014C

A dipole with its charges, — g and +g, located at

the points (0, — b, 0) and (0, +b, 0) is present in a
uniform electric field E. The equipotential
surfaces of this field are planes parallel to the
YZ-planes.

(i) What is the direction of the electric field E?

(ii) How much torque would the dipole
experience in this field? Delhi 2010

If a point charge +¢ is taken from Ato C and
then from C to B, points A and B lying on a
circle drawn with another charge +g at its
centre, then along which path more work will
be done?

Do free electrons travel to region of higher
potential or lower potential?  NCERT Exemplar

Prove that a closed equipotential surface with
no charge within itself, must enclose an
equipotential value.

LONG ANSWER Type I Questions

29.

30.

A cube of side b has a charge g at each of its
vertices. Determine the potential and electric
field due to this charge array at the centre of
the cube. NCERT

(i) Derive the expression for the electric
potential due to an electric dipole at a point
on its axial line.

(ii) Depict the equipotential surfaces due to an
electric dipole. Delhi 2017

31.

32.

33.

34.

35.

Give the simplified expression for the following

and draw the graph for variation of potential

with distance.

(i) Electrostatic potential due to a point charge
g at a distance r from it.

(ii) General expression for electric potential due
to a dipole.

Given figure shows a charge array known as an
electric quadrupole. For a point on the axis of
the quadrupole, obtain the dependence of
potential on rfor r/a>=1and contrast your
results with that due to an electric dipole and
an electric monopole (i.e. a single charge).

Aa B a C

q -g-9g ]

r NCERT

Define an equipotential surface. Draw
equipotential surfaces

(i} in case of a single point charge
(ii) in a constant electric field in Z-direction.

Why the equipotential surfaces about a
single charge are not equidistant?

(iii) Can electric field exist tangential to an

equipotential surface? Give reason.
All India 2016

Three charges — g, + (0 and — g are placed at

equal distance on straight line. If the potential
energy of the system of the three charges is
zero, then what is the ratio of Q: g 7

Four point charges Q, g, 0 and q are placed at

the corners of a square of side a as shown in
figure.
Q q

Find the

(a) resultant electric force on a charge Q and
(b) potential energy of this system.  CBSE 2018
Or
(a) Three point charges g, - 4g and 2q are
placed at the vertices of an equilateral
triangle ABC of side | as shown in the figure.



Obtain the expression for the magnitude of
the resultant electric force acting on the
charge q.

A
q

2
_4q8 , o q
(b) Find out the amount of the work done to

separate the charges at infinite distance.
CBSE 2018

LONG ANSWER Type Il Questions

36. Three concentric metal shells 4, B and C of

radius a, b and ¢ (a < b < ¢) have surface charge
densities + ¢, — o and + ¢, respectively.
(i) Find the potential of three shells at A, B
andC.
(ii) If the shells A and C are at the same
potential, obtain the relation between the
radiia, b and c.

37. Two metal spheres, one of radius R and the
other of radius 2R, both have same surface
charge density 6. They are brought in contact
and separated. What will be new surface charge
densities on them? NCERT Exemplar

38. (a) Use Gauss’ law to derive the expression for
the electric field (E) due to a straight
uniformly charged infinite line of charge
density A C/m.

(b) Draw a graph to show the variation of E with
perpendicular distance r from the line of
charge.

(c) Find the work done in bringing a charge g
from perpendicular distance r; to ry(r, > ).

CBSE 2018

NUMERICAL PROBLEMS

39. What is the work done in moving a2 uC point
charge from corner A to corner B of a square
ABCD, when a 10 uC charge exists at the centre

of the square?
A . B
2uC

10pC

41.

42.

43.

44.

45.

46.

47.

The electric potential at 0.1 m from a point
charge is + 50 V. What is the magnitude and sign
of the charge? All India 2011

Two charges 5x107% Cand - 3 x10™# C are

located 16 cm apart. At what point (s) on the line

joining the two charges is the electric potential

zero? Take the potential at infinity to be zero.
NCERT

Aregular hexagon of side 10 cm has a charge
5uC at each of its vertices. Calculate the
potential at the centre of the hexagon.

NCERT

A charge of 8 mC is located at the origin.
Calculate the work done in taking a small
charge of -2x107°C from a point P(0, 0, 3) (in
cm) to a point Q (0, 4, 0) (in cm), via a point
R(0,6,9) (in cm). NCERT
The circular arc is shown in the figure given
below, has a uniform charge per unit length of

1x107C/m. Find the potential at the centre O of
the arc.

2m

A small particle carrying a negative charge of
1.6 x 107 C is suspended in equilibrium
between the horizontal metal plates 10 cm
apart, having a potential difference of 4000 V
across them, find the mass of the particle.

An infinite plane sheet of charge density

10™ *C/m? is held in air. In this situation, how
far apart are two equipotential surfaces whose
potential difference is 5 V?

A test charge g is moved without acceleration
from Ato C along the path from Ato B and then

from B to C in electric field E as shown in the
figure.

Argommmmmmnes ne
5 cmis- i:’.icm
T |

(i) Calculate the potential difference between A
and C.
(ii) At which point (of the two) is the electric
potential more and why? All India 2012



48.

L

Two identical plane

metallic surfaces 4 and B

are kept parallel to each

other in air, separated by a

distance of 1 cm, surface A

is given a positive

potential of 10V and the

outer surface of B is earthed.

(i) What is the magnitude and direction of the

electric field between the points ¥ and Z7

(ii) What is the work done in moving a charge of
20 uC from point ¥ to point Z ?

HINTS AND SOLUTIONS

{c) From definition of potential,
W F-d

V = —=
q q
Here, unit of force is newton, unit of distance (d) is
metre and unit of chage (g) is coulomb.
Joule N-m

or .
Coulomb C

vaolt

Unit of potential is

{a) Considering potential to be zero at infinity. Work
done by an external force in bringing a unit positive
charge from infinity to a point without acceleration

= Electrostatic potential ( V') at that point

{b) The external force at every point of the path is to be
equal and opposite to the electrostatic force on the test
charge at that point.

{b) Potential inside a conductor is same at all the points
and is equal to the potential at its surface. So, potential
at the centre of sphere will also be 50 V.

(a) If charge on a conducting sphere of radius Ris Q,

then potential outside the sphere.

.+ 9
o 4me, r
At the surface of sphere,
1 9
Veae—==V .
5 4ﬂ£u R inside

{c) The positively charged particle experiences
electrostatic force along the direction of electric field
i.e,, from high electrostatic potential to low electrostatic
potential. Thus, the work is done by the electric field on
the positive charge, hence electrostatic potential energy
of the positive charge decreases.

{c) The work done by a electrostatic force is given by
Wi, = g(Vy — V] ). Here initial and final potentials are
same in all three cases and same charge is moved, so
work done is same in all three cases.

8.

10.

11

12,

(a) In this problem, the collection of charges, whose total
sum is not zero, with regard to great distance can be
considered as a point charge. The equipotentials due to
point charge are spherical in shape as electric potential
due to point charge g is given by

v=k1
r

This suggest that electric potentials due to point charge
is same for all equidistant points. The locus of these
equidistant points, which are at same potential, form
spherical surface.

(¢) Electric potential energy of the system,
1 94,

U=—_. 2172

4ame, r
Here, g, = g, =1nC
=1x107" C,

r=1m and

4me,
=9x 10" N-m*/C*

_9x10° X1 %107 x1x107°

)
1
=9x107"]
According to question, r, >,
tl— - -
o A B

Potential at point A due to charge +Q.(V, )= ﬂ
r,

Potential at point B due to charge +Q, (V)= ko
L

As v, =1
h

and VBWL and r>=n
2

s0, ViV

Thus, (V, — V) is positive.
Mo, it is not necessary because electric field strength
inside a hollow charged spherical shell is zero but

potential at the point is same as that on the surface of
shell.

Wrong, the potential due to a dipole at any point on
equatorial line is zero, not on axial line.

As, A and B are points on the equitorial plane of dipole
V,=Vg=0
Net potential =V, + Vg =0

Work dnneW=£. AsV=0W=0
q

So, the work done by the process will be zero.



14.

15.

16.

17.
18.
19.

20.

21

22,

Electric field is always normal to the equipotential
surface at every point, because no work is done, as

W =qa(Vy—Vp)
= Vi=Vyg=0
hence W=0
If the field were not normal to the equipotential surface,
it would have a non-zero component along the surface.
So, to move a test charge against this component, a
work would have to be done.
The electric potential energy at any point lying at a
distance r from the source charge g is equal to the
amount of work done in moving unit positive test
charge from infinity to that point without any
acceleration against electrostatic force.
Potential is maximum at A as potential decreases in the
direction of field or we can say that V, > Vg = V..

Refer to graph on page 64.
Refer to text on page 68 (case I).

Equipotential surfaces do not intersect each other as it
gives two directions of electric field at intersecting point
which is not possible.

As, the collection of charges at a great distance, so it has
spherical equipotential surface.

(i) Equipotential surfaces of the system (dipole),

Equipotential

(11) Equipotential surfaces get closer to each other near

the point charges as strong electric field is produced
there.

E= AV

Ar
= E = i
Ar

[for a given equipotential surface]

where, small Ar represents strong electric field and
vice-versa.

Here, — g charge experiences force in a direction
opposite to the direction of electric field.

_,;,rE

mg

+0

Vartical E
downward

—q charge balances, when
gE = mg
L
q
The direction of electric field is along vertically
downward direction.
Note The XZ-plane is so chosen that the direction of electric field
due to two plates is along vertically downward direction, otherwise
weight (mg) of charged particle could not be balanced.

The sketch of equipotential surface due to electric field
between the plates is shown in figure below.

Y,
Equipotential —'7
surface —

0 X

- / E (Vertically downward)

=

23. Refer to text on page 71.
24. Refer to text on page 73.

25. (i) The direction of electric field is perpendicular to their
equipotential surface. So, the direction of electric field
is along X-axis as its length should be perpendicular
to equipotential surface lying in YZ-plane.

(ii) Length of the dipole = 2b
As dipole’s axis is along the Y-axis.
Electric dipole moment, p = g(2b)j
and electric field, E= Ei
t=pxE =g(2b)j x Ei
=+ 2qbE (jx i)
= 2gbE (—k)
Torque, || = 2gbE
26. Consider the situation as shown in figure.

Work done for the path AC
Wy =+q(V. =V,)
Similarly, Wy = +q(Vg + Vi)
" Va=Vy
IWe | =Wl

27. The free electrons experience electrostatic force in a
direction opposite to the direction of electric field, being
of negative charge. The electric field is always directed
from higher potential to lower potential

Therefare, electrostatic force and hence, direction of
travelling of electrons is from lower potential to the
region of higher potential



28

by

29,

Hints: In this problem, we need to know that the
electric field intensity E and electric potential Vare

dlr
relatedas  f = - and the field lines are always

r
perpendicular from one equipotential surface

maintained at high electrostatic potential to other
equipotential surface maintained at a low
electrostatic potential.

Let's assume contradicting statement that the potential
is not same inside the closed equipotential surface. Let
the potential just inside the surface be different to that

on the surface having a potential gradient [ﬂ)

dr
Consequently, electric field comes into existence, which
_— dv
is givenby, E=-—
dr

Consequently, field lines point inwards or outwards
from the surface. These lines cannot be formed on the
surface, as the surface is equipotential. It is possible only
when the other end of the field lines are originated from
the charges inside. This contradicts the original
assumption. Hence, the entire volume inside must be
equipotential.

Consider a cube of side band its centre be (. The charge
g is placed at each of the corners.

Side of the cube = b

[ P —

q

o0

Length of the main diagonal of the cube

=o'+ b+ b* =3b

Distance of centre (¥ from each of the vertices is

b
r=— LAl
- ()
Potential at point O due to one charge, V = =
AME, r

Potential at point O due to all charges placed at the
vertices of the cube,

V'i=8V=

Bxlxg Bgx2

from Eq. (i
4mE,r 4A7E [ % 0]

"~

__ %

Gmenb
The electric field due to one vertex is balanced by the
electric field due to the opposite vertex because all

charges are positive in nature. Thus, the resultant
electric field at the centre O of the cube is zero.

30.

3L

32.

(i) Refer to text on page 67.
(ii) Refer to text on page 68 (Case V).
Refer text on page 64 for the graph.
(i) Refer to text on pages 63 and 64.
(ii) Refer to text on pages 66 and 67.
Given, AC=2a BP=r

AP=r+aand PC=r—a

A a B a C P

The potential at Pis V.

V = Potential at P due to A + Potential at P due to B
+ Potential at P due to C

1[4 £+i]

4ne, B

AP BP  CP

1 [ 1 1 ]
= -q —._+
4me, (r+a) r (r—a)
q [rir—a)— 2ir+a)(r—a)+rir+a)l

ame, | rir+al(r—a)
g r'—ra-2r'+ 2" +r* +ra)
dmey | rir'—a%)
__ g _ q-2a°
- T P
dme,r(r” —a ;
ol ) ame,-rorif1- L
r.!
According to the question,

.2g°
Ifi.“a::x1..:1«::':r.']'herel"e:re,V:q'—ﬂ3
a 4NME, -1

1
1-":-:—3
r

As we know that electric potential at a point on axial
line due to an electric dipole is

Vet
rz

1
In case of electric monopole, V' e —.
r

Then, we conclude that for larger r, the electric potential
due to a quadrupole is inversely proportional to the cube
of the distance r, while due to an electric dipole, it is
inversely proportional to the square of rand inversely
proportional to the distance r for a monopole.

33. (i) Refer to text on page 65

(ii) Equipotential surfaces when the electric field is in
Z-direction.

Epuipotential
surfaces

L,

x/HlHE




The equipotential surfaces due to a single point
charge is represented by concentric spherical shells
of increasing radius, so they are not equidistant.

(ili) No, the electric field does not exist tangentially to
an equipotential surface because no work is done in
moving a charge from one point to other on
equipotential surface. This indicates that the
component of electric field along the equipotential
surface is zero. Hence, the equipotential surface is
perpendicular to field lines.

34. Let the three charges be located as shown in the figure.
o ——a
=-q +Q -q
The potential energy of the system be
1 {—:HQ 1 09, 1 (-q9)-4q)

U=
r 41‘:En r 4me, 2r
-IQ qQ q -0
zr
= Q A
2r q 4

35. (a) Force acting on charge ) placed at point B, is due to
charges placed at points A, C and D.

Here, magnitude of force on charge at point B due to
charge at point A is
kQq

F =
BA
ﬂﬂ

Similarly, magnitude of force on charge at point B due
to charge at point C is

Qg
a

Also, the magnitude of force on charge at point B due
charge at point D is

Fpr =

_ k' _ko*
(Vza) 2a°

¥[3

Fec

Let F is resultant of Fy, and Fp .

F=4z.2 [asFM=Fm=ka}
a

a
The resultant electric force on charge () is

o= P kO R0 KO
2a

2a*
= @ [ﬁq + 2)m:'m.l'tu:m
2

{b) The potential energy of the system is given by
UsUug+Uge +Upp +Upy +U 4 +Ugp
2 1
kg KkQq KkQq kQq kg | kQ
a a a a 2a 320

fiel- -

Or

(a) Force acting on the charge g placed at A, is due to the
charges placed at points B and C.
Fac

=495 C2q

From the given figure, magnitude of force on charge
at A due to charge at point C is given as

FAC‘ =w, say = F
Similarly, magnitude of force on charge at point A,
due to charge at point B is

Foro=X89 v _2F  (F,=2F,)
2

=+[F? +(2F)* + AF)(2F) cos120°

. 1
= JF“ +4F? +4F“[——]
2
{ )
censl20® = — —
2

=1fJF“+2F"
=.5F
Fes =J;x2':_l]'

(b) The amount of the work done to separate the charges
at infinite = Potential energy of the system
UsU+Ug +U -



M -49)q , K -49)(29) , kg)2g)

{ I/ !
= —4kq® _ 8kq’ Y 2kq*
1 ! !
e 10kg* ]
1
36. (i) Potential of three shells
At shell A

Potential, V,, =i(q_-_%+9_c]
o\ d c

1 (4na’c _4nbc 4nc’o][ q
= — + 0.00—

-‘“m'i\ a b c anr
=2(a-b+c)
0
At shell B
; ! (9. _% q)
Potential, V, = —— | 2& - Zb 4 Zc
Wentinl. Ve 41!£°(b b ¢
1 {4xa20‘_41tb10+41tc20 T
ame,\ b b ¢ U an?
G(az-bz J
=— +c
g\ b
At shell C
Potential, V. = 1 (g.__q_,+q_,]
g, \ ¢ ¢ ¢

2 2 2
-1 [4nd'c 4mb's 4nc’o [':o= gz
4ne, c 4anr

c c

_Gc (az-b2+c2]
£, ¢

(i) Relation between the radii
Now, V4 =V (given)

243,02
1(a—b+c)=g--_-(a b +e)
€y € ¢
- +c* a*-b
a-b+c= +c
¢ ¢
cla=—b)=a*-b*
= c=a+b [(a®-b*)=(a—-b)a+b))]

d

}

]

37. Radius of sphere A = R

Surface charge density on sphere A =@
Radius of sphere B = 2R
Surface charge density on sphere B=0¢
Before contact, the charge on sphere A is
Q, = Surface charge density x Surface area

= Q, =0-4nk’ A1)
Before contact, the charge on sphere Bis

Q, = Surface charge density X Surface area

Q, =6-4n(2R)’ =c 162k’ (i)
Let after the contact, the charge on A be Q] and the
charge on Bbe Q5.

According to the conservation of charge, the charge
before contact is equal to charge after contact.

O +Q: =0, +0Q,
Now, from Eqgs. (i) and (ii), we get
Q!+ Qi =4nR’c + 16nR%c

= 20nR’c ...(iii)
As they are in contact. So, they have same potential.
Potential on sphere Ais V, = 1.8
4ne, R
. . 1 Q)
Potential on sphere Bis Vg = ==
4me, 2R
So, Va=Vy
= I S .
ane, R 4mg, 2R
= —l’- = ._:Z.
R 2R
R 20 =Q; ~(iv)

Putting the value of Q) in Eq. (iii), we get
Q; +2Q; =20mR’c = 3Q! = 20nR’c
= Q= -z;—onkzc
, 40 _ 4 "
and Q= ?RR o [from Eq. (iv)]

Let the new charge densities be ¢, and ¢,.
O WERG .5

O)=-d-a—— —a>0Q
'T4nR 3x4nk® 3
_ Q) _ 40mR's _ 400
*T4nm(2R)}?  3x4mx4R' 163
1 5
02=-—00 =—-
4x3 6

Thus, the surface charge densities on spheres after
5 5
contact are ;o and ;0’ .



38. (a) Field due to an infinitely long thin straight
charged line
Consider an infinitely long thin straight line with
uniform linear charge density (L)

Gaussian surface for a long thin straight line of
uniform charge density

From symmetry, the electric field is everywhere radial
in the plane cutting the wire normally and its

magnitude only depends on the radial distance (r).
From Gauss’ law,

¢p =$E-a8=-1L
5 Eﬂ
Now, 6;=$E-dS= §E-nds
5 5
= {;E-ﬁ ds + {;E-ﬁ ds + jSE-ﬁ ds
A B [
faE -ds = §E dS cos 90° + §E dS cos 90°
5 A B
+§UE dS cos0°®
= §£ ds = E(2nd)
[

Charge enclosed in the cylinder, g = A/

A
INEr

E{Zi‘:r]'}:E or E=
£,

The direction of the electric field is radially outward
from the positive line charge. For negative line charge, it
will be radially inward.

(b) Electric field (E) due to the linear charge is
inversely proportional to the distance (r) from the
linear charge. The variation of electric field(E) with
distance (r) is shown in figure.

A ra l
2ne, r ZICE

v=[E.dr= j

I.r

- L gl
2]
Work done =gv=g lH[Mg :i]]

39. Work done, W =g x AV

But AV = 0as the two diagonally opposite points are at
the same potentla] due to 10pC charge.

=2UC =0=0
Wnrk done W—ﬂ
40. Given, r=01m V=+50 Vandg="7
As, ve—0u!=H>1
4nE; r
= 50=9x10° x L
01
L “;l= 5.6X107C
9x=10

As, V is positive, therefore, g must be positive.
41. Refer to Example 6 on page 65.
Ans, At 6 em from charge — 3% 10*c.
42, ABCDEF is a regular hexagon of side 10 cm each. At

each corner, the charge g =5 UC is placed. O is the
centre of the hexagon.

Given, AB=BC=CD=DE=EF = FA=10cm
As, the hexagon has six equilateral triangles, so the

distance of centre O from every vertex is 10 cm.

1.e. OA=0B=0C=0D =0E =OF =10cm

. Potential at point O = Sum of potentials at centre O
due to individual point charge

ie. Vo=V, +V+V . +Vp+V, +V,

sl o 0 G
ame, |OA OB OC OD OE OF

e

Putting the values, we get

V. =9x10° 5%10°  5x10°  5%x107°

2 10x1072  10x107°  10x107°
5x10 leo"+5xm"
10 X107 10x107  10x%x107



6%107° x5
10x107°

=9x10% x

=27 x10°
=27x10°V
43. Charge g, at origin 0 =8mC =8 x10"*C
Charge g, at point P=-2x10"" C
Distance OP=r=3cm=0.03m
Distance, 0Q=1r =4 cm=004m
Z R(0,6,9)

Work done in bringing the charge g, from Pto Q
= g X potential difference between Q and P
W =q (Vo — V)
. U
4ne, OQ 4me, OP

=-2x10""

_d9x 10°x8x107 9x10°x8x 107
=-2x10 -
0.04 0.03

_18x8x10™ x 0.01
0.0012

=1.2]
Thus, the work done in bringing the charge of
—2x 107°C from PtoQis 1.2].

44. Potential at the centre,

ezl
ane, \ r

60
=9x10° X107 x —x21r
360

2X3.14x2

=9x10% x107* x =1884V

45. Refer to Example 11 on pages 69 and 70.

)

[Ans. 6.5x10™"*kg]

46. Surface charge density, ¢ =107 C/m?

Potential difference of two equipotential surface,
dV=5V
Let the separation between two equipotential surfaces
be dr. Electric field intensity E due to infinite plane sheet
is given by
E= L
€y

The relation between E and V is given by
dv dV o

E = w— I m— I —
dr dr 2g,
—12
- dr=2£°'dV=2x(8.85x-:0 )% 5
a 10
=885x10"m
47. (i) v Electric field intensity and potential difference are
related as,
E=- ﬂ
Ar
= AV =—-EAr
By Pythagoras law, AC* = AB* + BC*
= 5' -3 = AB*
= AB=Ar=4
= Vc - VA = 4E
(i) As, Vp —V, =4E, is positive.

A Ve >V,
Potential is greater at point C than at point A, as
potential decreases along the direction of electric
field.

48. (i) Electric field between the plates is given by

AV (Vg—Va)

Ezem— =—
Ax 1x107°
= M =103 V/m
1072

It is directed from A to B.
(ii) Work done in moving a charge from Yto Zis
Wy.z =q(AV)=20x10"°(V, - Vy)
=20x10"*(0—-10)
=—20x107]



| TOPIC 2|
Dielectric and Capacitance

In this topic, we are going to learn abour characteristic
properties of conductors and insulators. Also we will go
through the concepts of capacitors and their
combinations.

CONDUCTORS AND
INSULATORS

Let us discuss some characteristics of conductors and
insulators as discussed below.

Conductors

Conductors are the materials through which electric
charge can flow easily. Most of the metals are conductors
of electric charge. Silver is the best conductor of electric
charge.

Under electrostatic conditions, the conductors have
following properties

(i) Inside a conductor, electrostatic field is zero.

(i1) At the surface of a charged conductor, electrostaric
field must be normal to the surface at every point.

(iii) The interior of the conducror can have no excess
::hargc in the static situation.

(iv) Electrostaric potential is constant throughout the
volume of the conductor and has the same value
(as inside) on its surface.

i(v) Surface charg: dcnsir}r of a conductor could be
different at different points.

N7 Electrostatic Shielding

The phenomenon of protecting a certain region of space
from external electric field is called electrostatic shielding.
We know that inside a conductor, electric field is zero, so to

protect some instruments from external field, they are
enclosed in hollow conductors.

Insulators

Insulators are the marerials through which electric charge
cannot flow e.g. glass, rubber, wood, etc. Insulators are also
called dielectrics, when an electric field is appli:d, induced
charges appear on the surface of the dielectric. Hence, it can
be said that dielectrics are the insulating materials which
transmit the electric effect withourt mnducting.

Free Charges and Bound Charges

Inside the Conductor

In metallic conductors, electrons are the charge carriers. In a
metal, the outer (valence) electrons part away from their atoms
and are free o move, these electrons are called free electrons or
conduction electrons. The electrical conductivity of a material
d:pl:nds upon the number of free electrons present in it
Materials which have high number of free electrons are good
conductors and which have less number of free electrons are bad
conductors.

When an electron leaves an atom, atom becomes pnsitivchr
chargcd ion. The pasitiw:hr charg:d 1ons and bound electrons
remain held in their fixed positions and are called bound

charges.

Dielectrics and Polarisation

Dielectrics (or insulators) are non-conducting substances. In
contrast to conductors, t|1|:'_l,r have no (or nl:gligibh: number of )
free charges or charge carriers.

In a dielectric under the effect of an

external field, a net dipole moment is
induced in Due w |+F 7
molecular dipole moments, a net charge | 4| +
appears on the surface of the dielectric.

the dielectric.

These induced charges (of densities + +
_ﬁﬁ' and and +GP} prnduc: a field +|-
opposing the external field. Induced field -4
is lesser in magnitude than the external
field. So, field inside the dielectric gets
reduced.

E=fe-.|

where, E = resultant electric field in the dielectric,

vo,
Polarised
dielectric slab

E; =external electric field between two plates
and E_ = electric field inside the dielectric.

A net dipalc moment 1s dcw:lnpl:d h}r an external field in
either case, whether a pnlar ar nnn-puL’lr dielectric.



Dielectric Constant (K)

The ratio of the strength of the applied electric field to the
strength of the reduced value of the electric field on placing
the diclectric between the two plates is called the dielectric
constant of the dielectric medium.

It is also known as relative permittivity or specific
inductive capacity and is denoted by K(org,).

Therefore, diclectric constant of a diclectric medium is
given by
E,
__E_
Note The value of K is always greater than 1.

| k=

Polarisation (P)

The induced dipole moment developed per unit volume in
a dielectric slab on placing it in an electric field is called
polarisation. It is denoted by P. If p is induced dipole
moment acquired by an atom of the diclectric and NV is the
number of atoms per unit volume, then polarisation is

(P=Np ]

The induced dipole moment (p) acquired by the atom is
found to be directly proportional to the reduced value of
clectric field (E) and is given by

given by

P=°‘£oév)

where, ot is constant of proportionality and is called atomic
polarisability.

Electric Susceptibility ()

The polarisation density of a diclectric slab is directly
proportional to the reduced value of the electric field and
may be expressed as | P=ye E|

The constant of proportionality % is called electric
susceptibility of the dielectric slab. It is a dimensionless
constant.It describes the electrical behaviour of a dielectric.

It has different values for different dielectrics.
For vacuum, =0

Relation between diclectric  constant  and  electric
susceptibility can be given as
[K=1+y |

Dielectric Strength

The maximum electric field thar a dielectric can withstand
without breakdown (of its insulating property), is called its
dielectric strength. For air, it is about 3 X 104V /m.

Capacitors and Capacitance

A capacitor is a system of two conductors separated by an
insulating medium. The conductors have charges Q and
= Q with potential difference, V =V, =V, between them.
The clectric field in the region between the conductors is

proportional to the charge Q.

Conductor 1 Conductor 2

A system of two conductors or capacitors
If the potential difference (V) is the work done per unit

positive charge in raking a small test charge from the
conductor 2 to 1 against the ficld, then V' is proportional to

Q and the ratio — is a constant.

C=Q

Vv

The constant C is called the capacitance of the capacitor.
Capacitance C depends on shape, size and separation of the
system of two conductors.The SI unit of capacitance is

farad. Its dimensional formula is[M~'L2T*A %),
1 farad =1 coulomb/volt

A capacitor with fixed capacitance is symbolically shown as
~ |- » while the one with variable capacitance is shown as
—Af~ In practice, farad is a very big unit, the most common
units are its sub-multiples.

IWF =10"° F,1 nF =107 F,1 pF =10

-12

F

EXAMPLE |1| When 1x10* electrons are transferred
from one conductor to another, a potential difference of
10 V appears between the conductors. Find the
capacitance of the two conductors.

Sol. Given, number of electrons,

n=1x10"%
.~ Charge transferred,
Q=ne =1x10" x1.6x107"*
=16x107C [ve=1.6x107°C]

. Capacitance between two conductors,
1.6%107
Cudulod
Vv 10
=16%10" F



PARALLEL PLATE CAPACITOR

Parallel plate capacitor consists of two thin conducting
plates each of area A held parallel to cach other at a suitable
distance 4. One of the plates is insulated and other is
carthed. And also there is vacuum between the plates.

Surface

X
charge ( 1 ]_A'eaA
density +++++E+++
d
Surface -—
charge | 2 |
density ¥ %Eanhed

Suppose the plate X is given a charge of + g coulomb. By
induction, =g coulomb of charge is produced on the inner
surface of the plate Y and +¢ coulomb on the outer surface.
Since, the plate Yis connected to the earth, the+¢g charge on
the outer surface flows to the earth. Thus, the plates Xand YV
have equal and opposite charges.

Suppose the surface density of charge on cach plate is6. We
know that the intensity of electric field at a point between
two plane, parallel sheets of equal and opposite charges is
O /g 5, where € jis the permittivity of free space.
The intensity of electric field between the plates will be
given by

E=w

£q

The charge on cach plate is g and the area of each plate is A.
Thus,

and so, E = 3. (1)
£,A

g=

E

Now, let the potential difference between the two plates be
V volt. Then, the electric field between the plates is given by

E=K or V=Ed
d

Substituting the value of £ from Eq. (i), we get
qd
V=2

£oA
. Capacitance of the parallel plate capacitor is given by

where, g, = 8.85 %107 F/m

It is clear from this formula that in order to obtain high
capacitance.

(i) A should be large, i.c. the plates of large area should
be taken.

(ii) dshould be small, i.c. the plates should be kepr close

to cach other.

Note Capacity of an isolated spherical conductor is

C = 4neyr l

where, r = radius of the sphere.

Leakage of Charge from a Capacitor

From the formula C = ¢/V, it is clear that for large C, Vis
small for a given g. This means a capacitor with large
capacitance can hold large amount of charge 4 at small V.
This is very important fact, because the large amount of
charge implies strong electric field around the conductor.
This strong electric field can ionise the surrounding air and
accelerate the charges, so produced to oppositely charged
plates, thereby ncutralising the charge on the capacitor
plates. This means the charge of the capacitor leaks away
duc to the reduction in an insulating power of the
intervening medium,

EXAMPLE |2| What is the area of the plates of a 2F
parallel plate capacitor, given that the separation between
the plates is 0.5 cm? (You will realise from your answer
why ordinary capacitors are in the range of uF or less.
However, electrolytic capacitors do have a much larger
capacitance (0.1 F) because of very minute separation
between the conductors). NCERT

Sol. Given, capacitance, C = 2F
and separation between plates, d =05cm =05 x 10~ m

Capacitance of a parallel plate capacitor, 4
_BA
d
Cd _2x05x10"%
OrA=—=
g, 8.854x10° B854 x10- 7

=1.13x 10° m*
= 1130 km*

This area is very large, so it is not possible that the
capacitance of a capacitor is too large as 2 F.

So, the capacitance of any capacitor should be the range
of 2puF.

EXAMPLE |3| A parallel plate capacitor has plate area
25 cm® and a separation of 2 mm between the plates. The
capacitor is connected to a battery of 12 V.

(i) Find the charge on the capacitor.

(ii) If the plate separation is decreased to 1.0 mm,

then find the extra charge given by the battery to the
positive plate.



Sol. Given, area of plate, A = 25 em® = 25 %107 *m*
Distance between the plates,d = 2 mm = 2x10" m

Potential difference, V=12V
(i) Charge on the capacitor, g = CV

A, 8851077 x25%107 ! %12
d 2x10™
=133x 107"°C

(ii) If the plate separation is decreased to half, the
capacity becomes twice. Then, charge becomes twice
as battery is still connected.

~. Extra charge given by the battery = g"—g
=2g-g=g=133x107"C

Effect of Dielectric on Parallel

Plate Capacitor

Consider a dielectric is inserted between the p|at:s of a
parallel plate capacitor and fully occupying the intervening
region as shown in Egun:. The dielectric is pulariscd h}r the
field, with surface charge densities G p.and =G p.

The electric field in the dielectric then cnrrcspunds to the
case when the net surface charge density on the plates is
+(0=0,).

l
|

+H- -
H- — +|-
- E 4|
+H- +|-
+|- +|-
i K
+- +|-
H-0p +%|-
+a -a
Dielectric between the plates of a capacitor
. . O—=0p
So, net electric field berween the plates, £ = E—
1]

[ dielectric is polarised in the opposite
direction of external field]
. Potential difference between the plates,
-0,
£y

V=Ed =

For linear dielectrics, we expect 6 , to be proportional to E
Le. tod.

Thus, (6 =0 ;) is proportional to 6 and we can write,

o-0,=2
—0,=—
K

where, K is a constant characteristics of the dielectric.

Clearly, K=1 [ ap <a]
then, V= _ﬁd = _qd'
g, K A K
.. The capacitance C with dielectric between the plates is
given by
c=9_ KA

Vv d |

The product £, K is called the permittivity of the medium and
is denoted by &
=g K

For vacuum, K =1 and € =g, where £, is called the
permittivity of the vacuum.

The dimensionless ratio,

K= L3
Ey
iz called the dielectric constant of the substance.
Similarly, K= i
Cy

Thus, the dielectric constant of a substance is the factor
(K = 1) by which the capacitance increases from its vacuum
value, when the dielectric is inserted fully between the plates
of a capacitor.
(i) When a dielectric slab of thickness ¢ is inserted
between the plates, then
g,A

Capacitance, €' =
f 4

d—=t+—

K

(ii) If several slabs of dielectric constants K|, K5, Ky,
and respective thicknesses ¢,¢;,#;,... are placed in
berween the plates of a capacirtor, then capacitance,

€. A
C= o

d=(t+ty+1,+..)+ ;-’_I|+ ;—2+;—1+_..

(iii) If a metallic slab (K =eo) of thickness ¢ is placed
between the plates of capacitor, then
Capacitance,

g,A

d=-t

If metallic slab fills the entire space between the

plates (i.e. d =¢), then capacitance will become

C=

infinite.



EXAMPLE |4| In a parallel plate capacitor with air
between the plates, each plate has an area of 6 x 10~ m’
and the separation between the plates is 3 mm.
(i) Calculate the capacitance of the capacitor.
(ii) If this capacitor is connected to 100 V supply, what
would be the charge on each plate?

(iii) How would charge on the plates be affected if a 3 mm
thick mica sheet of K =6 is inserted between the plates
while the voltage supply remains connected?

Foreign 2014

Sol. Given, area of each plate, A =6x10~° m*

Distance between the plates,
d =3 mm
=3%10"m
(i) Capacitance of parallel plate capacitor is given by
P Y. 8.85x107 x6x10™
' 3x107
2 C=177x10"F
(if) Charge on parallel plate capacitor is given by
Q=CV=177x10"" x100

=177x107°C
K=6
C’=KC
s Q_x
v Vv
Q'=KQ
=6x1.77x10~
=1062x107°C

(11i) Given,
Now,

EXAMPLE |5| An air-cored capacitor of plate area 4 and
separation d has a capacity C. Two dielectric slabs are
inserted between its plates in two different manners as
shown. Calculate the capacitance in it.

(+) ; s b (=)

B i

d
Sol. Let the charges on the plates are Q and —Q.
Electric field in free space is E, = Z- 1
€ Ag
. : ; B Q
Electric field in first slabis E, = —2% = :
K, AgK,
. . » E, Q
Electric field in second slabis E, = —= 3
KZ AEDKI

The potential difference between the plates is
V=E/(d—t, —t,)+Et +E,t,

t t
= V=E,|ld-t, —t, +—++—
°( ' ' Kl KZ)

B, =E—°and E,=—%
K, K;
V=£(d—t, -12+'—‘+'—’)
o K, K,
£,A
d—t —t,+—"—+'—2
! 2

COMBINATION OF CAPACITORS

When there is a combination of capacitors in a circuit, we
can sometimes replace that combination with an
cquivalent capacitor, i.c. single capacitor, that has the same
capacitance as the actual combination of capacitors has
with such a replacement, that we can simply find the
circuit, affording casier solutions for unknown quantities
of the circuit.

Here, we discuss two basic combinations of capacitors
which can be replaced by single equivalent capacitor.

C=

Capacitors in Series

When a potential difference (V) is applied across several
capacitors connected end to end in such a way that, sum of
potential differences across all the capacitors is equal to the
applied potential difference V, then these capacitors are
said to be connected in series.

Ci Cs Cs
I+ |+ |+
=l = |+l

Q- Q-0 Q -Q

v
Series combination of capacitors

The potential difference across the separate capacitors

are given by
Q Q

vl=_Q_, V,== andV, ==
G, Ci Cs

However, the potential difference across the series
combination of capacitors is V' volt

where, V=V +V,+V, ..(1)
Let C represents the equivalent capacitance, then
vel (i)
Cs
Combining Egs. (i) and (ii), we get
2.9 .00
G C C G
1 1 1 1
= e e B i
G 0 B B



The cquivalcnt capacitance of n capacitors connected in
series is equal to the sum of the reciprocals of individual
capacitances of the capacitors.

Mathcmatica”}r, It 15 I:'J{PII:SSI:EI as,

1 1 1 1 1
— =t —+— 4.+ —
c, G C € C

All the capacitors connected in series have same amount of
charge, but potential differences between their plates are
inversely proportional to their capacitances. This combination
is used when a high voltage is to be divided on several
capacitors. Here, capacitor with minimum capacitance has
maximum potential difference berween the plates.

Capacitors in Parallel o 1ol 0
-y
Capacirors are said to be connected -
in para”:l when a pun:nrial c
difference that is applied across their
combination results in the potcrtial

differnce same across each capacitor. Cy

-
When a potential difference (V) is Q3 14~
applied across several capacitors v
connected in parallel, then the

potential difference (V') exists across ?ral:_d p
cach capacitor. The rotal charge () m::na;::itlc?r:u

stored on the capacitor is the sum of
the charges stored on all the

capacitors.,

If @ is the rotal charge on the parallel nerwork, then

Q=0 +0Q, + Qs A1)
Let Cp be the equivalent capacitance of the parallel
combination, then

Q=CpV. 0, =C,V. 0, =C,V
Qs =C,V
Combining Eqgs. (i) and (ii), we obtain
CV=C,V+C,V+C,V
= Cp=C, +C,+0C,

..(ii)

and

The cquivaltnt capacitance of n number of capacitors in
paralld 15 cqual to the algchmic sum of the individual
capacitances of the capacitors.

Mathcmatica”}r, it 1s l:'xpr:ss:d as,
i

Co=C,+C,+Cy+.4C, J

e

All the capacitors connected in parallel have same potential
difference between their plates but the charge is
distributed proportionally to their capacitances.

Capacitors are combined in paraﬂ:l, when we require a
Iarg: capacitance at small purcnrial.

EXAMPLE |6| Three capacitors each of capacitance 9 pF
are connected in series.
(i) What is the total capacitance of the combination?
(ii) What is the potential difference across each capacitor, if
the combination is connected to a 120 V supply? NCERT
Sol. There are three capacitors each of capacitance 9 pF.
R C,=C,=C,=9pF
and voltage, V =120V
(i) The total capacitance in series combination,

1 1 1 1 1 1 1
$— 4 —=—t—t—

C, € C, C, 9 9 9
=5 L=E = C; =3pF
Cs 9

(ii) Let the charge across the system be g and potentials
across O}, C, and C, be V|, V, and V,, respectively.
Charge, q=C;-V =3x120 =360 pC
Potential difference across C,,

=4 360 _ gov
C, 9
Potential difference across C,,
V,= L . 260 =40V
c, 9
Potential difference across C,,
== 380 _sov
Cy 9
Thus, the potential difference across each capacitor is

40V,

EXAMPLE |7| It is required to construct a 10pF

capacitor which can be connected across a 200 V battery.
Capacitors of capacitance 10 pF are available but they
withstand only 50 V. Design a combination which can
yield the desired result.

Sol. Capacitor of 10uF can withstand only 50 V, therefore to
be connected across a 200 V battery, four capacitors
must be connected in series in a row. Capacitor C, of
each row of four capacitors is

1 1 1 1 1 4

—_— e — b — e — =

C, W0 10 10 10 10
10
= C,=T=2.5]..LF

For a total capacity of 10 pF, four such rows of

capacitors must be connected in parallel, so that
C,=4C,
=4x25=10pF

Hence, we need 16 capacitors with 4 capacitors in
series in each row and 4 such rows in parallel.



EXAMPLE |8] In the circuit shown in figure, find
(i) the equivalent capacitance and
(ii) the charge stored in each capacitor.

1 uF
/ | | 2 j.lF \
1
e/
IN
L
100V
Sol. (i) The capacitors are in parallel. Hence, the equivalent
capacitance is
C=C,+C,+C4
=(1+2+3)=6uF
(i1) Total charge drawn from the battery,
g=CV=6x100uC
= 600uC
This charge will be distributed in the ratio of their

capacities. Hence,
q,:9,:9,=C,:C,:Cy=1:2:3

= X 600 =100 uC
° \1+2+3) W
=[—2 | xe600=200pC
=15 2+3 oad
d (o
an = X 600 =300 uC
% \1+2+3) "

EXAMPLE |9| Three capacitors of 1uF, 2pF and 3uF are
joined in series.

(i) How many times will the capacity become when they
are joined in parallel ?

(ii) Determine the charge supplied by the battery of 100 V
to the maximum resultant capacitor among both the
arrangements.

Sol. (i) Given, C, =1yF, C, = 2uF, Cy =3uF
The combined capacity (C;) in series combination is
given by
_1
%6

1 1 1 1 1 1.1
— — — — -
Cs. G Cy' Cy: 1. 2%

6
=5 Co=—
s ul-lF

The combined capacity (C,) in parallel combination is

given by
Cp=C,+C,+Cy=1+2+3=6F
= C,=11C;
(ii) As, GG

- The charge supplied by 100 V battery,
g, = CpV =6yF x100 = 6x10"° x100

= q, =6x10""C =600uC

EXAMPLE |10| Seven capacitors each of capacitance
2 uF are connected in a configuration to obtain an

effective capacitance 1—2—;&‘ Which of the following

combinations will achieve the desired result?

@) s

(ii) b

—@-r—n—«-«—
(iv) -—<:>HHHHP

Sol. Consider the first configuration, we have
C,C,

G +C,

_(10)(1) _ 10

IETISRET)

(iii)

In series, C =

net

EXAMPLE |11] A network of six identical capacitors,
each of value C is made as shown in the figure. Find the
equivalent capacitance between the points A and B.

A :
‘Yi ‘_L 8
Sol. The equivalent network of the given network is shown
below.
C C
A——| ——-8
C C
= H
C C
—L ——

Therefore equivalent capacitance,

C o = [2 C series CJ||[C series 2]

_JcxcC _E
C+C 3




EXAMPLE |12| Find the equivalent capacitance
between A and B. Given area of each plate = A and
separation between plate = d.

///////

B

Sol. (i)

K A g, 4 A £,
1 % 23 2&0
C it O A 2 o -
apacitance, C, ) - =
[.. _ Kae,
' d
Kt 5p
Capacitance, C, = - - = 9
2
A
K, —¢g,
Capacitance, Cy = 12 = 6’::“
2
C, and Cy are in series.C’=—€’—C’—-=.2.;A_£.9.
C, +Cy d
C’ and C, are in parallel = L
(ii) Capacitance, C, = 5!& = ﬁ_
dan d
C. = K,Ag, _ 9Ag,
Tdn T d
ancl C) = ﬁ = m
dns d
+C,,C, and C, are in series,
1 1 1 1
s T v < s e
Cq G C G
2Ag,

- Equivalent capacitance, Cq =

d

ENERGY STORED IN
A CAPACITOR

The energy of a charged capacitor is measured by the toral
work done in charging the capacitor to a given potential.
Let us assume that initially both the plates are uncharged.
Now, we have to repeatedly move small positive charges

from one plate and transfer them to the other plate.
Now, when an additional small charge (dg) is transferred

from one plate to another plate, the small work done is
given by dW=V21q=-quq

['-charge on plate when dq charge is transferred be q”]
The total work done in transferring charge Q is given by

w=[¢ %dq=.(‘:ij'dq

_Lli@ry ¢
G 20 2C

This work is stored as electrostatic potential energy U in the
capacitor.

(cvy
V = e =
Q 2C

UaX.a cv?

B2
[N

[-Q=cCV]

0 |-

The energy stored per unit volume of space in a capacitor is

called energy density.

Energy density, $

1
=—€oE
u 20

Total energy stored in series combination or parallel
combination of capacitors is equal to the sum of energies
stored in individual capacitors.

ie. U=U,+U,+Uqs+...

Change in Energy on Introducing a
Dielectric Slab

(1) When a dielectric slab is inserted between the plates
of a charged capacitor, with battery connected to its
plates. Then, the capacitance becomes K (diclectric
constant) times and energy stored in the capacitor
becomes KU .

(i) When a diclectric slab is inserted between the plates
of a charged capacitor and battery is disconnected.
Then, the charge on the plates remains unchanged

; 5 Uy .
and cnergy stored in the capacitor becomes 7(9-. Le.
energy decreases.

Mote This topic has been frequently asked in previous years 2015,
2014, 2012, 2011, 2010.



EXAMPLE |13| A capacitor of capacity 10pF is
subjected to charge by a battery of 10 V. Calculate the
energy stored in the capacitor.
Sol. Given, capacity, C =10pF = 10x10™* F

Voltage, V =10V, energy, E =?

*. Energy stored in the capacitor, E = -;' cv?

Xx10%107° x10x10=5x10""]

1
2

EXAMPLE |14] A parallel plate capacitor has plate area
A and separation d. It is charged to a potential difference
V,. This charging battery is disconnected and the plates
are pulled apart to three times the initial separation.
Calculate the work required to separate the plates.

Sol. .. Capacitance, C = %

Charge on plate, 0 =CV = .":“7'1_ A
Energy stored, U = Q*/2C

As dis increased 3 times, so C decreases 3 times. Battery
is disconnected, so Q remains same. The difference in
the energy is the work done,

Change in potential energy

AU=U‘—U,
=Q_“[L__l_ =(%AV«)’XL[L__1_]
2[C Gy d 1€ CT3
1 (e,AV,)X£=(eoAvo)x d
2 d C d £,AV,
£,AV,
d

. Work done, AW =-AU = -e—"—A—V—"-

EXAMPLE |15| A 2pF capacitor is charged as shown in

the figure. Find the percentage of its stored energy
dissipated after the switch § is turned to position 2.
{02

I
zuT 8-

Sol. Initially, charge on the capacitor,
g,=CV=2V=gq
This charge will remain constant after switch is shifted

from position 1 to position 2.

2 2 2
U, L L R
2C! 2x10 20

2

- Energy dissipated=U, - U, =q?

2
This energy dissipated =15-] is 80% of the initial stored

2
energy (=q7}

COMMON POTENTIAL

When two capacitors of different potentials are connected
by a conducting wire, then charge flows from capacitor at
higher potential to the capacitor at lower potendial. This
flow of charge continues till their potentials become equal,
this equal potential is called common potential.

Common potential, V = SHTCH
C,+C,

where, C, and C, are capacities of two capacitors charged to
potentials V,and V,, respectively.

Total charge

i.e. Common potential = -
Total capacitance

! C,V,+C,V,=CV+C,V
or C,V,-C,V=C,V-C,Y,
ie. Charge lost by one capacitor

= Charge gained by the other capacitor
Nore This is not true for potential, i.e. potential lost by one is not

equal to potential gained by the other, as their capacities are
different.

Loss of Energy in Sharing Charges
When two charged capacitors are connected to each other,
they share charges, till they acquire a common potential.
On sharing charges, there is always some loss of energy.
However, total charge of the system remains conserved.
Consider two capacitors having capacitances C,,C, and
potentials V;, V,, respectively.

Then before the two capacitors are connected together, the
total energy stored in the two capacitors,

Us=U, +U,= %C,V,z + fz-czv,2 i)

When the two capacitors are connected together, total
charge on the capacitor,

g=g,+q, =CV, +C,V,



Total capacitance of the two capacitors,
C=C,+C,
Therefore, total energy of the two capacitors, after they are
connected.
U'= 1q° e (CV +C, V)
2C 2 (C+C,)
Subtracting Eq. (ii) from Eq. (i), we get
1 (CVi+CVy)
TE (G#Cs)
CAE+C OV + CCYy + CVE
- (C\V,+C,V,)?
2(C, +C,)
_C v+, -2vY,)
- AC, +C,)

i GG, - Vz)z
2C, +Cy)

..(1i)

u-u'=(lclv,z +lczv,’J
2 2 s

= ‘AU is a positive quantity.

Since, U = U" is positive, there is always a loss of energy,
when two charged capacitors are connected together in the
form of heat radiation due to electric current while

charging.

EXAMPLE |16| A 600 pF capacitor is charged by a200V

supply. It is then disconnected from the supply and is
connected to another uncharged 600 pF capacitor. How

much electrostatic energy is lost in this process? NCERT
Sol. Given, C, =C, = 600pF =600x10""F
=6x10""F
V,=200V,V,=0
Cxcz( Vl = Vz )2
2AC, +C,)

_ (6x107")*(200-0)*
T axazx10®

TOPIC PRACTICE 2 |

- Energy lost =

=6x107°]

OBJECTIVE Type Questions

1. The maximum electric field that a dielectric
medium of a capacitor can withstand without
break down (of its insulating property) is called
its
(a) polarisation
(b) capacitance
{c) dielectric strength
{d) MNone of the above

2. Aparallel-plate capacitor has circular plates of

radius 8 cm and plate separation 1 mm. What
will be the charge on the plates if a potential
difference of 100 V is applied?

(a) 1.78x 107 C (b) 1.78x107° C
(0) 43x10' C d 2x107° ¢

. Aparallel plate air capacitor has a capacitance

18 uF. If the distance between the plates is tripled
and a dielectric medium is introduced, the
capacitance becomes 72 uF. The dielectric
constant of the medium is

(a) 4 (b) 9

(c) 12 (d) 2

. Aparallel plate capacitor is made of two

dielectric blocks in series. One of the blocks has
thickness d, and dielectric constant K, and the
other has thickness d, and dielectric constant
K, as shown in figure. This arrangement can be
thought as a dielectric slab of thickness

d(=d, +d,) and effective dielectric constant K.
The K is’

N

dy

AN

. The capacitance of a spherical conductor is 1 uF.

Its radius is

(a) 1.11 m (b) 10 m
(c) 9 km (d) 1.11 cm

. A capacitor of 4 uF is connected as shown in the

circuit. The internal resistance of the battery is
0.5Q. The amount of charge on the capacitor

plates will be NCERT Exemplar
4uF 0
|
|
25V
A
20
(a)0 (b)apC

(c) 16uC (d)8uc



7. Capacitance between points A and B is

2uF  2pF
—A

A 3uF B

12 1 7
F  (b)= uF = )
(a)d p ()7l»l (6)4111: ()lzl»lF

8. In the figure, the equivalent capacitance
between points Aand B is

(a)4 pF (b) 2.5 uF
(c) 2 pF (d) 0.25 uF
9. The graph shows the v

variation of voltage V across B
the plates of two capacitors Va[-=====---, 4
Aand B versus increase of /
charge Q stored in them.

Which of the capacitors has Q

higher capacitance? Q

(a) Capacitor A (b) Capacitor B
(c) Both (a)and (b) (d) None of these

10. A 900 pF capacitor is charged by 100 V battery
in the figure. How much electrostatic energy is
stored by the capacitor?

+Q -Q
+
+

=
c
100V
e o—
+ -
(b) 45x 10° ]
(d) 0.45x 10° ]

(a) 45x 107° ]
(c) 45x107° ]

VERY SHORT ANSWER Type Questions

11. Distinguish between a dielectric and a

conductor. Delhi 2012

12. Define the dielectric constant of a medium.
What is its unit? Delhi 2011

13. The given graph shows the q A
variation of charge g versus

potential difference V for two g
capacitors C,; and C,. Both the

capacitors have same plate

separation but plate area of C, v

is greater than that C,. Which line (4 or B)
corresponds to C, and why? All India 2014

14. If the difference between the radii of the two
spheres of a spherical conductor is increased,
state whether the capacitance will increase or
decrease.

15. Ametal plate is introduced between the plates
of a charged parallel plate capacitor. What is its
effect on the capacitance of the capacitor?

Foreign 2009

16. A spherical shell of radius b with charge Qis

expanded to a radius a. Find the work done by
the electrical forces in the process.

17. Distinguish between polar and non-polar
dielectrics. All India 2010C

18. Asensitive instrument is to be shifted from the
strong electrostatic field in its environment.
Suggest a possible way.

19. The safest way to protect yourself from
lightning is to be inside a car. Comment.
Delhi 2009

20. Can the potential function have a
maximum or minimum in free space?
NCERT Exemplar

21. Why does the electric conductivity of the
earth’s atmosphere increase with altitude?

SHORT ANSWER Type Questions

22. Acapacitor has some dielectric between its
plates and the capacitor is connected to a DC
source. The battery is now disconnected and
then the dielectric is removed.

State whether the capacitance, the energy
stored in it, electric field, charge stored and the
voltage will increase, decrease or remain

constant. All India 2013

23. Aslab of material of dielectric constant K has
the same area as that of the plates of a parallel
plate capacitor, but has the thickness d/2, where
d is the separation between the plates.



24.

25.

26.

27.

28.

29.

Find out the expression for its capacitance when
the slab is inserted between the plates of the
capacitor. Delhi 2013

Two identical parallel plate Cy Ca

(air) capacitors C; and C, T ///
have capacitance C each.

The space between their ! /
plates is now filled with
dielectrics as shown in the l /4
ﬁg_ure. If the two capacitors P
still have equal

capacitance, then obtain the relation between
dielectric constants K, K, and K,. Foreign 2011

Kz

b—d —I

Figure shows a sheet of aluminium
foil of negligible thickness placed
between the plates of a capacitor.  _____________
How will its capacitance be affected, —————
if
(i) the foil is electrically insulated?
(ii) the foil is connected to the upper plate with a
conducting wire? Foreign 2011

You are given an air filled
parallel plate capacitor C,. c
The space between its
plates is now filled with
slabs of dielectric
constants K, and K, as
shown in figure. Find the
capacitance of the
capacitor C, if area of the
plates is A and distance between the plates is d.
Foreign 2011

b—d—

A parallel plate capacitor of capacitance Cis
charged to a potential V. It is then connected to
another uncharged capacitor having the same
capacitance. Find out the ratio of the energy
stored in the combined system to that stored
initially in the single capacitor. All India 2014

A parallel plate capacitor, each of plate area 4 and
separation d between the two plates, is charged
with charges +( and —Q on the two plates. Deduce
the expression for the energy stored in capacitor.
Foreign 2013

Two parallel plate capacitors of capacitances C,
and C, such that C, = 2C, are connected across a
battery of V¥ volt as shown in the figure. Initially,
the key (k) is kept closed to fully charge the

capacitors. The key is now thrown open and a
dielectric slab of dielectric constant K is inserted

in the two capacitors to completely fill the
gap between the plates. Find the ratio of

(i) the net capacitance and

(i) the energies stored in the combination
before and after the introduction of the

dielectric slab. Delhi 2014C
K
I

30. Deduce the expression for the electrostatic
energy stored in a capacitor of capacitance C
and having charge Q.
How will the
(i) energy stored and

(ii) the electric field inside the capacitor be
affected when it is completely filled with a
dielectric material of dielectric constant
K? All India 2012

31. Guess a possible reason, why water has a
much greater dielectric constant (= 80) than
mica(=6)?

32. A2 minsulating slab with a large
aluminium sheet of areal m? on its top is

fixed by a man outside his house one
evening. Will he get an electric shock, if he
touches the metal sheet next morning?

33. Atechnician has only two capacitors. By
using them in series or in parallel, he is able
to obtain the capacitance of 4, 5, 20 and 25 pF.
What is the capacitance of both capacitors?

LONG ANSWER Type [ Questions

34. (i) How is the electric field due to a charged
parallel plate capacitor affected when a
dielectric slab is inserted between the
plates fully occupying the intervening
region?

(ii) A slab of material of dielectric constant K
has the same area as the plates of a
parallel plate capacitor but has thickness

%d, where d is the separation between the

plates. Find the expression for the

capacitance when the slab is inserted
between the plates. Foreign 2010



35.

36.

37.

38.

39.

40.

Two charged conducting spheres of radii a and
b are connected to each other by a wire. What is
the ratio of electric fields at the surfaces of the
two spheres? Use the result obtained to explain,
why charge density on the sharp and pointed
ends of a conductor is higher than on its flatter
portions? NCERT

Find the ratio of the potential differences that
must be applied across the parallel and series
combination of two capacitors C; and C, with
their capacitances in the ratio 1: 2, so that the
energy stored in these two cases becomes the
same. All India 2016

(i) Obtain the expression for the energy stored
per unit volume in a charged parallel plate
capacitor.

(ii) The electric field inside a parallel plate
capacitor is E. Find the amount of work done
in moving a charge g over a closed
rectangular loop abeda. Delhi 2014

A parallel plate capacitor of capacitance C is
charged to a potential V' by a battery. Without
disconnecting the battery, the distance between
the plates is tripled and a dielectric medium of
K =10 is introduced between the plates of the
capacitor. Explain giving reasons, how will the
following be affected All India 2017
(i) capacitance of the capacitor

(ii) charge on the capacitor and

(iii) energy density of the capacitor?

Two identical parallel plate A5
capacitors 4 and B are 1
connected to a battery of E=— a4t B
V volts with the switch S is T

closed. The switch is now
opened and the free space between the plates of
the capacitors is filled with a dielectric of dielectric
constant K. Find the ratio of the total electrostatic
energy stored in both capacitors before and after
the introduction of the dielectric.

All India 2017

(i) Derive the expression for the capacitance of
a parallel plate capacitor having plate area A
and plate separation d.

(ii) Two charged spherical conductors of radii

R, and R, when connected by a conducting
plate respectively. Find the ratio of their
surface charge densities in terms of their
radii. Delhi 2014

41. Show that the force on each plate of a parallel
plate capacitor has a magnitude equal tol/20E,
where Q is the charge on the capacitor and E is
the magnitude of electric field between the
plates. Explain the origin of the factor 1/2. NCERT

LONG ANSWER Type 11 Questions

42. (i) Explain, using suitable diagram, the
difference in the behaviour of a
(a) conductor and
(b) dielectric in the presence of external
electric field. Define the terms
polarisation of a dielectric and write its
relation with susceptibility.

(ii) A thin metallic spherical - A
shell of radius R carries a 9 20
charge Q on its surface. A
point charge /2 is placed at
its centre € and an another
charge +20Q is placed

outside the shell at a distance x from the
centre as shown in figure. Find (a) the force
on the charge at the centre of the shell and at
point A, (b) the electric flux through the shell.

All India 2015

43. (i) If two similar large plates, each of area A
having surface charge densities +o and —o are
separated by a distance d in air, find the
expression for

(a) field at points between the two plates and
on outer side of the plates. Specify the
direction of the field in each case.

(b) the potential difference between the
plates.

(c) the capacitance of the capacitor so formed.

(ii) Two metallic spheres of radii R and 2R are
charged, so that both of these have same
surface charge density o. If they are
connected to each other with a conducting
wire, in which direction will the charge flow
and why? AllIndia 2016

44. (i) Derive the expression for the energy stored
in parallel plate capacitor. Hence, obtain the
expression for the energy density of the
electric field.

(ii) A fully charged parallel plate capacitor is
connected across an uncharged identical
capacitor. Show that the energy stored in the
combination is less than stored initially in
the single capacitor. Delhi 2015



NUMERICAL PROBLEMS

45.

46.

47.

48.

A capacitor of unknown capacitance is

connected across a battery of Vvolt. The charge

stored in it is 360uC . When potential across the

capacitor is reduced by 120 V, the charge stored

in it becomes 120 uC.

(i) Calculate the potential V' and the unknown

capacitance C.

(ii) What will be the charge stored in the
capacitor, if the voltage applied had
increased by 120 V? Delhi 2013

In the circuit shown below, initially K, is closed
and K, is opened, what are the charges on each
of the capacitors? Then, K, was opened and K,
was closed (order is important), what will be the
charge on each capacitor now?

[|Given, C = 1uF]

C1 =6C K1 Kg
—”—(')T)—l
E=9V =

Ca= SC-FE =3¢T

A spherical capacitor has an inner sphere of
radius 12 em and an outer sphere of radius
13 ¢cm. The outer sphere is earthed and the inner
sphere is given a charge of 2.5uC. The space
between the concentric spheres is filled with a
liquid of dielectric constant 32.
(i) Determine the capacitance of the capacitor.
(ii) What is the potential of the inner sphere?
(iii) Compare the capacitance of this capacitor
with that of an isolated sphere of radius
12 ¢m. Explain, why the later is much

NCERT Exemplar

smaller. NCERT
Figure shows two -
identical capacitors *5*
Cyand Cy, eachof |
2uF capacitance, =5V Ci2pF Co2HF

connected to a
battery of 5 V.
Initially switch § is closed. After sometime, 5 is

left open and dielectric slabs of dielectric
constant K = 5are inserted to fill completely the
space between the plates of the two capacitors.
How will the (i) charge and (ii) potential
difference between the plates of the capacitors
be affected after the slabs are inserted?

Delhi 2011

49.

50.

51.

52.

Anetwork of four capacitors each of 12 yF
capacitance is connected to a 500V supply as
shown in the figure.

ot

Ca

500V

Determine
(i) the equivalent capacitance of the network and
(i) the charge on each capacitor.

All India 2012, 2010

Met capacitance of three identical capacitors in
series is lpuF. What will be their net capacitance, if
connected in parallel?

Find the ratio of energy stored in these two
configurations, if they are both connected to
the same source, All India 2011

Calculate the potential difference and the
energy stored in the capacitor C, in the circuit
shown in the figure. Given, potential at 4is 90V,
C,=20uF,C,=30pF,Cy=15yF. Delhi 2015

I I I
A (] 1 i
1 Ca Cs

A 12 pF capacitor is connected to a 50 V battery.
How much electrostatic energy is stored in the
capacitor? If another capacitor of 6 pF is
connected in series with it with the same
battery connected across the combination, find
the charge stored and potential difference
across each capacitor. Delhi 2017

Two parallel plate capacitors X and ¥ have the
same area of plates and same separation
between them, X has air between the plates

while ¥ contains a dielectric medium of g, = 4.
X T
| 4]

+ -
o O
15V

(i) Calculate the capacitance of each capacitor,

if equivalent capacitance of the combination
is4pF

(ii) Calculate the potential difference between

the plates of X and Y.

(iii} Estimate the ratio of electrostatic energy

stored in X and Y. Delhi 2016



54. Two capacitors of unknown capacitances C,

and C, are connected first in series and then in
parallel across a battery of 100 V. If the energy
stored in the two combinations is 0.045 J and
0.25 J respectively, then determine the value of
C, and C,. Also, calculate the charge on each
capacitor in parallel combination. All India 2015

55. Inthe following arrangement of capacitors, the
energy stored in the 6 uF capacitor is E.
Find the value of the following
(i) energy stored in 12u F capacitor.
(ii) energy stored in 3uF capacitor.
(iii) total energy drawn from the battery.
Foreign 2016

—
12 uF 3w

56. A capacitor of 200 pF is charged by a 300 V
battery. The battery is then disconnected and
the charged capacitor is connected to another
uncharged capacitor of 100 pF. Calculate the
difference between the final energy stored in
the combined system and the initial energy
stored in the single capacitor. Foreign 2012

HINTS AND SOLUTIONS

1. (c) The maximum electric field that a dielectric medium
can withstand without break down (of its insulating
property) is called its dielectric strength; for air it is
about 3% 10° Vm™.

£,A _ B.85x 107" x 3.14% 0.08 x 0.08

1x 107
BE5% 107" % 3.14x 08x 08x 100V

1% 107

2 a)C=

g=CV=

=1.78% 107% C
3. (©)C, = %=‘13 i)

_ KeaA _
3d
On dividing Eq. (ii) by Eq. (i), we get

c 72 (i)

. Dielectric constant, K =12

4. (c) The capacitance of parallel plate capacitor filled with
dielectric block has thickness d, and dielectric constant
K, is given by
_K g A
= )
Similarly, capacitance of parallel plate capacitor filled
with dielectric block has thickness 4, and dielectric
constant K, is given by
_ K.g,A
dy
Since, the two capacitors are in series combination, the
equivalent capacitance is given by
1 1 1

C,

C,

c c C
Kig,A Kg A
orC = GG, = d, d, _ K,K,e,A )
C,+Cy Kiggd KA Kd, + K,
d, d,
But the equivalent capacitances is given by
¢ = XA
d, +d,
KK, (d +d
On comparing, we have, K = KK, +d,)
Kd,+K,d,

5. (c) Capacitance of spherical conductor, C = 4me, - R

~. Radius of conductor, R =

=C=1pF=1x10"F

4ne,

and =9x10° N-m/C*
4me,

R=1x10"" x9x10°

= R=9%10"m =9km

6. (d) Current flows through 20} resistance from left to
right, is given by

The potential difference across 20 resistance
V=IR=1x2=2V

Since, capacitor is in parallel with 20} resistance, so it
also has 2V potential difference across it.

The charge on capacitor
g=CV=(4uF)x 2V =8uC
Mote The potential difference across 2 £ resistance solely occurs
across capacitor as no polential drop occurs across 1042 resistance.

7. (a) Two capacitors of 2 uF capacitance are connected in
series order.
Their equivalent capacitance,

b3 | =
+

b=
[

b3 | ba
[
—

1 1 1
—— e —
Cs € G



. Cg =1uF
Now, Cg =1UF and 3 puF capacitors are connected in
parallel order.

A — —ua B

Equivalent capacitance between points A and B,
Cug=0Cg +Cy=1+3=4uF

8. (b) On redrawing, the circuit is

I

AU
1uF 1uF
{ |
C G

Cay WP
1l

According to the circuit, C; and C, are in series,
1.1 +L=1+1_=2=&C=l|1]=
[ S 1 2
Now, C, C, and C jare in parallel order.

[

1
quivalent = C+Cy+C, =E+1 +1 =25uF

9. (a) From the given graphs, find the voltages, V, and Vj,

on capacitors A and B corresponding to charge Q on
each of the capacitors. Clearly,

l:":x‘.=i and VB=£

Ca Cg
or Ve Q5 _Ca
Va QIC4 Gy

Since, V=V, C, > Cy i.e.. the capacitor A has the
higher capacitance.

10. (c) The charge on the capacitor is

1L

12,

g=CV=90x10" Fx100 V=9x107*C

The energy stored by the capacitor is
=(1/2)CV* =(1/2) gV

=1/2x 9% 107 Cx 100 V=45 x 107 ]

Dielectrics are non-conductors and do not have free
electrons at all. While conductor has free electrons
which makes it able to pass the electricity through it.

When a dielectric slab is introduced between the plates

of charged capacitor or in the region of electric field, an

electric field E; induces inside the dielectric due to
induced charge on dielectric in a direction opposite to
the direction of applied external electric field. Hence,
net electric field inside the dielectric get reduced to
E, - EF_, where £ is external electric field

13.

14.

15.

16.

17.

18.

19.

The ratio of applied external electric field and reduced
electric field is known as dielectric constant K of
dielectric medium,

ie. K= E“E and it is a dimensionless quantity.
0= Ep
Line B corresponds to C, because slope (g /V)of B is less

than slope of A.

A
g
B
v
4nE K
Capacitance of a spherical capacitor, C = TN
A= h
=L e AR —r, is increased, C decreases.
h—

If a metal plate is introduced between the plates of a
charged parallel plate capacitor, then capacitance of
parallel plate capacitor will become infinite.
Work done by electrical forces in the process
= Final stored energy — Initial stored energy
_Qz_gz_ 0* 1 o’ _ ¢ (l_l
T2, 20, 24me,a) 2 (4ne,h) BmgE, \a E)
Polar dielectrics

A polar dielectric has permanent electric dipole moment
{p)in absence of electric field.

Non-polar dielectrics

A non-polar dielectric having zero dipole moment in its
normal state.

For this, the instrument must be enclosed fully in a
metallic cover. This will provide an electrostatic
shielding to the instrument.

The body of the car is metallic. It provides electrostatic
shielding to the person in the car, because electric field
inside the car is zero. The discharging due to lightning
passes to the ground through the metallic body of the
car.

20. No, the absence of atmosphere around conductor

2L

prevents the phenomenon of electric discharge or
potential leakage and hence, potential function do not
have a maximum or minimum in free space.

atmosphere of the earth.
The capacitance of the parallel plate capacitor, filled

with dielectric medium of dielectric constant K is given

by, C = KE;A.

This is because of ionisation caused by highly energetic
cosmic ray particles from cosmos, which are hitting the



24

The capacitance of the parallel plate capacitor decreases
with the removal of dielectric medium as for air or

vacuum K =1 After disconnection from battery, charge
stored will remain the same due to conservation of
charge. The energy stored in an isolated charge

itor = L
capacitor )
As g is constant, energy stored «1/C. C decrease with
the removal of dielectric medium, therefore energy
stored increases. Since, g is constant and V=g /C and C
decreases which in turn increases V and therefore E
increases E =V /d.

Initially, when there is a vacuum between two plates,

the capacitance of the plate is C =

area of parallel plates.

Suppose that the capacitor is connected to a battery, an
electric field E is produced. Now, if we insert the
dielectric slab of thickness ¢=df2, the electric field
reduces to E.

Now, the gap between plates is divided in two parts, for
distance f, there is electric field E and for the remaining
distance (d — ) the electric field is E,.

If Vbe the potential difference between the plates of the
capacitor, then V=Et+E (d —t)

=54 +—£“d-£(E+Eh} [ r=i]
2 2
df E E
= V=—| =L+E ]-—{K+1 [as,—“:K]
2[ K ) E
Now, E,=Z=-9_ = v=L 9 (ki)
By EyA 2K g, A
We know that, C=-1=2KEs 4
V. d(K+1)

After inserting the dielectric medium, let their
capacitances become C: and C;.

ForC, (| =KC i)
o Ky g, (A/2) N K.e,(Af2)
e

d
C, acts as if two capacitors each of area A/2 and
separation d are connected in parallel combination

c-8A (K, K
T g L2 2

ci=C {M] [ =5 "] (i)

ForC, C

2 d

According to the problem, C‘: = C;

- KC= C[M)

K, +K,
2

K=

. (i) The system will be equivalent to two identical

26.

27.

capacitors connected in series combination in which
two plates of each capacitor have separation half of
the original separation.

Thus, new capacitance of each capacitor
cf=20

- C and C’ are in series.

_2Cx2C _
= net
T +2C
Coa=C [original capacitor]

(i) System reduces to a capacitor whose separation
reduces to half of original one.

. New capacitance, C* = 2C
After introducing the dielectric medium of dielectric
constants K, and K,, capacitor acts as if it consists of
two capacitors, each having plates of area A and

d
separation — connected in series combination for
2

£y A
O =22
V= (i)
1
=
{" ) (Ead)
di2 df2
1
— —_
[ ][ 2K2]
11 [K,_+K,]
= — i — ——
c, 20\ K, K,
= [

2K, K
=, [1_2)
K, +K,

The capacitors will be in series.

Let g be the charge on the charged capacitor.

2

*. Energy stored in it is given by U = a

ac
When another uncharged similar capacitor is connected,
then the net capacitance of the system is given by
C'=2C
The charge on the system remains constant. So, the
energy stored in the system is given by

vr=4_-4 [+ €’ =20C)
' 4c
# |
Thus, the required ratio is given by L = qz£= 1
g-l2C 2
Refer to text on page 92.
(1) Given, C,=2C, A1)

Net capacitance before filling the gap with dielectric

slab is given by
Conitiat = €, +C,
Ciiriat =2C; +C,

[from Eq. (1)]
=3, _.Aii)



30.

3L

32

34.

Net capacitance after filling the gap with dielectric slab
of electric constant K

Ciniti =KC, + KC, =K(C, +C,)
Cia =3KC,

Ratio of net capacitance is given by
Ciniri _ 3C, 1

[from Eq. (ii))
(i)

[from Eqgs. (ii) and (iii))

Cou 3KC, K
(ii) Energy stored in the combination before introducing

the dielectric slab,
2

U g =——

tial i,

Energy stored in the combination after introducing the
dielectric slab,

...(Iv)

2

3KC,

. (v)

U =

Ratio of energies stored
U"‘“¢=£ [from Eqs. {iv) and (v}]
Ut 1

(i) Refer to text on page 92.

(ii) Refer to text on pages 88 and 92.

Dielectric constant of water is much greater than that of

mica because of the following reasons

(i) water molecules have a symmetrical shape as
compared to mica

(ii) water molecules have permanent dipole moment.

Yes, the man will get an electric shock, if he touches the
metal slab next morning because the steady discharging
current in the atmosphere charges up the aluminium
sheet. As a result, its voltage rises gradually. The rise in
voltage depends on the capacitance of the capacitor
formed by aluminium slab and ground.

Let the two capacitors be C, and C,, capacitance will be
maximum when connected in parallel.
ie. C,+C,=125
Capacitance will be minimum when connected in series.
ie. GG =4

C,+Cy

Since, we are left with only two values 5uF and 20 pF.
5o, the value of capacitances will be 5 uF and 20 pF.
(i) Refer to text on page 88.

d
(ii)) The thickness of dielectric slab is 7 Le.

The capacitance of a capacitor due to dielectric slab is

C:i
d—r+L
k
__BA 24
T.d do 1
d-—=+— d|1+—
w 4(7)

35. As the two conducting spheres are connected to each
other by a wire, the charge always flows from higher
potential to lower potential till both have same

potential.
i i2)

Capacitance of sphere (1), C;, = 4me,a

Capacitance of sphere (2), C, = 4ngyb

Then, Charge Q, on C,, Q, = C,V

and Charge Q, onC,, 0, =C,V

where, V is the same potential on both the spheres.

9 _5  [fromEgs. (i) and (ii)]

& G
Putting the values of C, and C,, we get
Q _dwa a 0 _a (i)
Q, dmgb b Q, b
Charge density on sphere (1), 0, = Charge = QO
Surface area  4xa’
Charge density on sphere (2), G, = Q:z
4

o b o _ba

g, a' Q, 4 b

or o = E L)
G, a
The ratio of electric field on both spheres.
E, @ b
—=—=— from Eq. (iv
P Ts oo [ g. (iv)]

2 2

As, charge density is inversely proportional to radius.
Thus, for flatter portions, the radius is more and at
pointed ends, radius is less, so the charge density is
more at pointed or sharp ends.

Total energy stored in series or parallel combination of
capacitors is equal to the sum of energies stored in
individual capacitors. In parallel combination, energy
stored in the capacitor

1 1
= Er:'ll.a',“- + Ec,vf

In series combination, energy stored in the capacitor

— l_ C1C2 Vz
el
2({C, +Cy)
According to the question, energy in both the cases is
same so,
(lC, +lc2] V2 =iv§
2 2 AC, +C,)
2
— 1-"_1 _ C,Cyx2

V' 2C, +Cy)C, +Cy)

. LA Y
Vs

C,+C,

[from Eq. (iii}]



37.

38.

39.

But g—'=£2-
2

= C,=2C,

s £=,lc, x2C, _ A2C; _z
V, C, +2C 3C, 3

(1) Refer to text on page 92.

(i1) Due to conservative nature of electric force, the work
done in moving a charge in a close path in a uniform
electric field is zero.

On introducing the dielectric slab to fill the gap between

plates of capacitor completely when capacitor is

connected with battery.
(i) The capacitance of capacitor becomes K times of
original capacitor.
C'=KC=10C
(ii) The potential difference V between capacitors is same

due to connectivity with battery and hence, charge g’
becomes K times of original charge as

q'=C"V'=(KC)(V)=K(CV)
=Kg=10CV
(111) Refer to text on page 92.
The given figure is shown below.

llfs
11 T

When switch S is closed, the potential difference across
capacitors A and B are same

1l
n

C ¢
Initial charges on capacitors
Qa=0Qp=CV

When the dielectric is introduced, the new capacitance
of either capacitor

C’'=KC
As switch S is opened, the potential difference across
capacitor A remains same (V volts).
Let potential difference across capacitor B be V. When
dielectric is introduced with switch S open (i.e. battery
disconnected), the charges on capacitor B remains
unchanged, so

Initial energy of both capacitors

1 1
U, ==CV*4+—CV:=cV?
2 2

Final energy of both capacitors

U

¢ = lcr vﬂ +-I-C’ Vﬂ!
2 2

40.

41.

1 o vy
=—(KC)V* +—(KC)| —
—(KC) 2( )(K)
cviik+ L
.
(K% +1
K

U, cv: 2K
=) e—= = 3
'K2+l) K*+1

\ K

\

(1) Refer to text on page 87.
@S,

O
Here, we can use the concept that the work done in
displacing the plates against the force is equal to the
increase in energy of the capacitor.
Let the distance between the plates be increased by a
very small distance Ax. The force on each plate is F. The
amount of work done in increasing the separation by

=

W=F-Ax .(1)
Increase in volume of capacitor
= Area of plates x Increased distance
=A-Ax
Energy
Volume

u = Energy density =

Increase in energy =u X volume =u- A - Ax ..(i1)
As, energy = work done (W)

= F-Ax=u-A-Ax [from Egs. (i) and (ii)]

= F=u-A

1 .2 1 . V]
=—g,E°- A vu=—¢g,E"and E = —

2 [ 2 d

v? Vv

=lt—:o’—,-A=(—£°A-V)—xl

2 d d d 2

1 1 €,A
==—-E-C-V==0F v C==2= (V=

2 ZQ [ d Q]

42, (i){a) When a capacitor is placed in an external electric

field, the free charges present inside the conductor
redistribute themselves in such a manner that the
electric field due to induced charges opposes the
external field within the conductor. This happens
until a static situation is achieved, i.e. when the



two fields cancel each other and the net P= i

+ -
electrostatic field in the conductor becomes zero. 2¢e, + &
Electric field due to other * E”
o + oy .
plate = — 3+ Pl 'Q
26, i 3
Since, they have same al+ =la
C = direction, sg A e—d —»
(b) In contrast to conductors, dielectrics are E et =Z+?=‘E—
non-conducting substances, ie. they have no 9 "8
charge carriers. Thus, in a dielectric, free Outside the plate, electric field will be zero
movement of charges in not possible. It turns out because of opposite direction.
that the external field induces dipole moment by (b) Potential difference between the plates is given
stretching molecules of the dielectric. The od o
collective effect of all the molecular dipole by V=Ed= = “Ees—
moments is the net charge on the surface of the e &
dielectric which produces a field that opposes the (c) Capacitance of the capacitor is given by
external field. However, the opposing field is so _Q_oA i £gA
induced, that does not exactly cancel the external e R
field. It only reduces it. The extent of the effect (i) A ding t ti
depends on the nature of dielectric. R). According o guestion;
Dielectric Potential at the surface of radius R,
Both polar and non-polar dielectrics develop net =k_q [-q =0 x4R*]
dipole moment in the presence of an external field. R
The dipole moment per unit volume is called ko4nRr®
polarisation and is denoted by P for linear isotropic = =0k4nR = 4konR
Wielecericy. P=yE Potential at the surface of radius 2R,
= , k P
where, % is constant of proportionality and is called V= i [q =0 x4r(2R)* =160 nR’]
electric susceptibility of the electric slab. 5
(ii) (a) At point C, inside the shell, electric field inside a So, e = kOL6RR _ o1 xR
spherical shell is zero.
Thus, the force experienced by charge at centre C Since, the potential of bigger sphere is more. So,
will also be zero. charge will flow from sphere of radius 2R to sphere of
“ Fy = gE (E pz the shell =0) radius R
K Feo =0 44. (i) Refer to text on page 92.
At point A, I F A|= 2Q 132 (1i) Initially, if we consider a charged capacitor, then its
4me, «° charge would be
2 =CV
F= 3 7> away from shell. Q
4ME,X A V“ 8
(b) Electric flux through the shell, a
[ - x magnitude of charge enclosed by shell 1
€y and energy stored, U, = ;CV2 (i)
1
= —X .2 Then, this charged capacitor is connected to
& 2 2 uncharged capacitor.
43. (i) According to the question, Let the common potential be V,. The charge flows

from first capacitor to the other capacitor unless both

(a) Electric field due to a plate of positive charge at the capacitors attain common potential

point



C.V,
Q,=CV, and Q=CV,
Applying conservation of charge, Q= Q, +Q,
= CV=CV,+CV,
Vv
= V=V +V, = V= ;

Total energy stored, U, = l;C Vi +-;-CV,2

2 2
=i (!] +lc(z) = U, =1cv? i)
2 2 2 2 B
From Egs. (i) and (ii), we get
u,<U,
Hence, energy stored in the combination is less than
that stored initially in single capacitor.

45. (i) We have initial voltage, V, =V volt

=
and

and charge stored, Q, =360uC

Q,=CV, (1)
Charged potential, V, =V —-120
Q,=120uC
= Q,=CV, ..(11)

By dividing Eq. (ii) from Eq. (i), we get
o _C% 0V

Q, CV, 120 V-120
= V=180V
60x107°
C=&=3x— =2x10"°F
. 180
=2 u_F

Hence, the potential, V=180 V and unknown
capacitance is 2 uF.

(ii) If the voltage applied had increased by 120 V, then
V,=180+120=300V
Hence, charge stored in the capacitor,

Qs =CVy =2x107 X300 = 600 uC

. In the circuit, when initially K, is closed and K, is

opened, the capacitor C, and C, acquire potential

difference V, and V,, respectively. So, we have

Vi+V,=E

Vi +V,=9V

Also, in series combination, V e 1/C
Vi:V,=1/6:1/3

and

On solving,

Vi,=3Vand V, =6V
Q, =CV, =6uC =3V
=15uC
O, =C,V, =3uC x 6V =18uC
Qy=0

[C=1|,|.F]

47.

When K, was opened and K, was closed, the parallel
combination of C, and C, in series with C,.

[Charge on C, remains unchanged]

ie. Q! =Q, =18uC

Charge on C, is shared between C, and Cy in parallel.
As,

[ Q. =18uC]

Radius of inner sphere, r, =12cm
Radius of outer sphere, r, =13 cm

and charge on inner sphere, g= 2.5 uC
The dielectric constant, K =32

(i) Capacitance of a spherical capacitor,
coime Ky 1 32x12x13x107*
9%x10° (13-12)x107*

R—n
=55x 10" F
(i1) Electric potential of inner sphere,
=45%10°V
(iii) Capacitance of an isolated sphere of radius, r =12cm

x 12% 1072

C=4ne,r=
% 9x 10°

=133x10" " F
The capacitance of an isolated sphere is much smaller
as compared to the spherical capacitor because the

outer sphere is earthed. The potential difference
decreases and hence the capacitance increases.

48. Two identical capacitors C, and C, get fully charged

with 5 V battery initially.
So, the charge and potential difference on both
capacitors becomes

q=CV

=2x10°x5V=10uC

and V=5V
On introduction of dielectric medium of K =5.
For C, (Continue to be connected with battery)
Potential difference of C,, V' =5V

Capacitance, C; = KC =5 x 2=10pF

Charge, q'=C'V' =10x5=50pC
For C, (Disconnected from battery)

Charge, ¢" =g =10puC

Potential difference, V' = — =2 =1V
5



49. (i) Here, C,, C, and C, are in series, therefore, their L=L+L+L
equivalent capacitance Cﬂi c, C, O
L = L + L + 1_ 1 1 1
coC, C, Gy . ﬁ*’a
= =S 4 1 _3+2+44 9
: . - - C. 60 60
Now, C'and C are in parallel combination.
Coa=C"+C = C., =E=E“F
=4 puF +12pF =16 uF 9 3
(ii) Being C' and C are in parallel, 500 V potential Since, charge remains same in series combination.
difference is applied across them. 20
o Charge on CI::p ", Q=CqV = 3 o
g, =C'V={4uF )= 500 = 2000puC = Q=600 pC
oo Cy, Cyand Cy capacitors each will have 2000 pnC = 600 10” °C
charge. i
s Chargeon C,, g, =Cx V =6x107C

=12 X 500 = G000 PC . Potential difference across C, = =
50. Ifnidentical capacitors, each of capacitance C are v,
connected in series combination give equivalent

C = vV, ==
capacitance, C, = — and when connected in parallel [

n
combination, then equivalent capacitance, C, = nC = v, = 6 x10 _1 =20V
Also, for same voltage, energy stored in the capacitor is 30 %10
given by .. Energy stored in capacitor C, is given by

1
U= EC'I.-"2 [for V = constant] E= 12 Vs

= UeC

1 -
= = x30x107" x(20)°
2

c
In series combination, C, = —
n

= C,=1pF [':n=3]
= C=nC, =3x1pF =3pF =6x107 ]
In parallel combination, CP =nC =3x3=9uF
For same voltage, [J e C

lx‘_’.uxdtmxlu"' E
2

52. Energy stored in capacitor =lE c,v*

U, 1 _
= —SL=—t == x12x107% x (50 =15x 107" ]

v, ¢, 2

U, Chn 1 With other capacitor 6 pF in series.
= U_= E = n_ﬂ Total capacitance (C)

"

v, o1 1 _GixC, _6x12 _12%6_, oF

= U _E_; C,+C; 6+12 18
U g Lo Charge stored in each capacitor is same and is given by

or : =1:

s Uy Q=cv
51. Consider the given figure, =4 %10 x 50C = 2 X 10~°C

20uF 30uF 15pF Each of the capacitors will have charge equal to O
A I} I} (I =2x107"C
Cy Ca Cs = . . . . .
Potential on capacitors with capacitance 12 pF is
10
Given, C, =2ﬂ|.|.1:, Cz =3ﬂ’J.F, C3=15'JF =£= 2x10 - V =1667V
—1
Potential at A =90V C, 12x10
As, we can see that capacitor C, is earthed, therefore, Potential on capacitor with capacitance 6 pF is
potential across Cq will be zero. 2 %107
Since, capacitors C,, C; and Cy are connected in series, = 6 % 10~ V=3333V

therefore



53. According to question, let the capacitance of X be C, so

capacitance of Y =g, C =4C [-e =4]
C x4C
(1) Equivalent capacitance =
)Eq P C+4C

[* X andY are in series]
4Cc* 4C 4C
= —— = — and it is given that — =4
5C 5 g 5 W

So,4C = 20uF = capacitance of Y
20

—=5

T ~SuP

(i) Charge flowing through the capacitor is given by

ac 4x5

Capacitance of X =C =

Now, let the potential difference between plates of
capacitors X and Y are V, and V,, respectively.

So,V, =L =Z =12y
Cy
and Vy L - ﬂ =3V
c, 20
(iii) Electrostatic energy stored in capacitance
1 .
X(E,)=—CVy i)
i . "
Similarly forY, Ey = ;4CV, ..(11)
From Eqs. (i) and (ii), we get
1 .2
=CV; 2
E, ;4CV)? 4V,  4x3x3

54. When the capacitors are connected in parallel,
equivalent capacitance, C, =C, +C,.
The energy stored in the combination of the capacitors,

- ‘Ec,,.v2 N ‘E(Cl +C,)(100)* =0.25]

= C,+C,=5x10"° i)
When the capacitors are connected in series, equivalent
capacitance,
C,C;
¥ O Gy
The energy stored in the combination of the capacitors,
1
Es= ;CSV’
= Es= r 55 (100)*
2C, +C,
L\ = (100)* =045]
2 5x%x107
= C,C, =0045x10"* x5x107% x 2

=45x%x10" "

(€, -C,) =(C, +C,)* —4C,C,
= (C,-C,) ' =25x10" -4x45x107""
=7x10""
= (C,-C,)=y7x100" =264 x10*
= C-C,=264%x10"% (i)

On solving Egs. (i) and (ii), we get
C, =35uF and C, =15 puF
= Q=CV=35x10""x100

=35x10"*C
and Q,=C,V=15x10"° x100
=15x10"'C

55. (i) Asgiven in the question, energy of the 6 uF capacitor
is E. Let V be the potential difference along the
capacitor of capacitance 6 uF.

Now, %(:vz =E

.lz.xsxlo“xV’=E

BN vi= %x 10° i)

Since, potential is same for parallel connection, the
potential through 12 puF capacitor is also V. Hence,
energy of 12 uF capacitor is

E,= l; X 12X 107 x V? (from Eq. (i)]

=l;><12x10"‘ x§x10°=25

(ii) Since, charge remains constant in series, the charge
on 6yF and 12F capacitors combined will be equal to
the charge on 3 UF capacitor.

Using the formula, Q = CV, we can write
=(6+12)X10° x V=3x10"" x V*
V=6V
Squaring on both sides, we get
V’? =36V2
Putting the value of V* from Eq. (i), we get

V'2=36x§x10°
72 _ &
= V" =12E x10
E,=1x3xlo“x125 x 10
2

=18E
(iii) Total energy drawn from battery is
Eww =E+E, +Eq
=E +2E +18E
=21E
56. 3x10™ J; refer to Example 16 on page 94.



SUMMARY

= Electrostatic Potential It is the amount of work done (w) in

moving a unit positive test charge (q) without acceleration form

infinity to that point against the electrostatic force

Vel
q
Its Sl unit is volt (V) and 1V =1J/C.
= Electrostatic Potential Difference Electrostatic potential
difference between two points P and Q is equal to the work
done (W) by external force in moving a unit positive charge
(@o)against the electrostatic force from point Q to P along any
path between these two points
av <V

G
Its Sl unit is volt and IV =1JC™".
Electric Potential due to a Point Charge
q

It can be givenas, V=——
Aneys

Here, r is distance of the point from the charge.

Electrostatic potential at any point P due to a system of n point
chargesqy, g, -....q, whose position vectors are r,r,,.....I,
respectively, is given by

where, r is the position vector of point P w.r.t. the origin.

= Electrostatic potential due to a thin charged spherical shell
carrying charge q and radius R respectively, at any point P
lying
(i) inside the shellisV = ——. L
dne, R

(i) onthe surface of shellisV = -1— b
4’[20 R

(i) outside the shellisV = —— - Lforr > R
dney 1

where, r is the distance of point P from the centre of the
shell.

= Electrostatic potential due to an electric dipole at any point P
whose position vector isr w.r.t. mid-point of dipole is given by

where, 6 is the angle between f and p.

Equipotential Surfaces Any surface which has same
electrostatic potential at every point is called an equipontential
surface.

Equipotential Surface in Different Cases The equipotential
surface can be obtained for different cases:

(i) For a point charge, it is spherical surface.
(i) For a uniform electric field, it is plane surface.
Relation between Electric Field and Electrostatic Potential

It can be given as, E = -— = — (Potential gradient)

where, negative sign indicates that the direction of electric field
is from higher potential to lower potential, i.e. in the direction of
decreasing potential.

Electrostatic Potential Energy of a System of Charges Itis
defined as, the total work done in bringing the different
charges to their respective positions from infinitely large mutual
separations.

Due to System of Two Point Charges It can be given by,

U=w=Knd:
2
Due to System of Three Point Charges It can be given by,
[ < < 9a]
K2 2
U=| @ = %
j#1

Potential Energy of a Dipole in an External Field Potential of
a dipole in an external field can be given as,

U = pE(cos 6, —cos 8,)
Here, 8, and 8, are initial and final orientations of the dipole.

Conductors and Insulators

Conductors These are those materials through which electric
charge can flow easily.

The process which involves the making of a region free from
electric field is known as electrostatic shielding.

Insulators Insulators are those materials through which electric
charge cannot flow.

Dielectric and Polarisation

Dielectric Constant It is the ratio of the strength of applied
electric field to the strength of reduced value of electric field on
placing the dielectric between the plates of a capacitor.
Dielectric Strength The maximum electric field that a dielectric
can withstand without breakdown is called its dielectric
strength.

Polarisation The induced dipole moment developed per unit
volume in a dielectric slab on placing it in an electric field is

called polarisation.



Electric Susceptibility Polarisation density of a dielectric slab
is directly proportional to the reduced value of electric field. i.e.
P = yeqE; where y is called electric susceptibility.

Capacitors and Capacitance A capacitor is a system of two
conductors separated by an insulating medium.

mecapacumceotthewpacnor.0==%

In Sl system unit of capacity is farad.

Parallel Plate Capacitor Capacitance of a parallel plate
capacitorcanbegivenby,caic‘?,ﬂ

Effect of Dielectric on Parallel Plate Capacitor On

introducing a dielectric between the parallel plates,
capacitance can be given by,

C= E%KAQ-. where K is the dielectric constant

Combination of Capacitors
In parallel combination,

The energy U stored in a capacitor of capacitance C, with
charge g and voltage Vis,
U=1qv=-1-CV2=£
2 2 2C
The electrostatic energy density (energy per unit volume) in a
region with electric field E is

u =%z062

= Common potential It can be given as, sz

G+C

= Loss of Energy in Sharing Charges

AU =% (Vl-vi’)2

It can be given as, S



CHAPTER
PRACTICE

OBJECTIVE Type Questions
1. 1f100 J of work has to be done in moving an
electric charge 4 C from a place where potential
is — 10 Vto another place where potential is V
volt, find the value of ¥
(a) 5V (b) 10V c) 25V (dy 15V

2. In an electric field with E =0, the potential V¥
varies with the distance r as

(@) Vet b)V e<r
r
(e) V ec1fr® (d) V will not depend on r

3. Acarbattery is charged by a 12 V supply and
energy stored in it is 7.20x 10°J. The charge
passed through the battery is

CRBSE 2021 (Term-I)
(a)6.0x 10° C (b)5.8x 107 ]
(c)B.64x 10° ] (d)1.6= 10° C

4. Two charges 3 x10™® Cand -2 x 10™® Clocated

15 em apart. At what point on the line joining
the two charges is the electric potential zero?
(a) 9ecm (b) 45 cm

(c) 18 cm (d) Both (a) and (b)

5. Four charges —q,-¢, + q and + q are placed at
the corners of a square of side 2 L is shown in
figure. The electric potential at point 4 mid-way
between the two charges + g and + g is

CBSE 2021 (Term-I)

+q —g
aL
A
+q -q
0 3(-5) v 23
(c) 4;‘}% 1—%) (d) zero

The electric potential V' at any point (x, y, z) is
given by V = 3x”, where x is in metres and V in
volts. The electric field at the point (1 m, 0, 2 m)
is CBSE 2021 (Term-I)
(a) 6 V/m along —X-axis
(b) 6 V/m along +X-axis
{c) 1.5 V/m along —X-axis
(d) 1.5 V/m along + X-axis

Which of the following is not the property of
equipotential surface? CBSE SQP (Term-I)
(a) They do not cross each other.
(b} The rate of change of potential with distance on
them is zero.

{c) For a uniform electric field, they are concentric
spheres.

{d) They can be imaginary spheres.

Equipotentials at a large distance from a
collection of charges, whose total sum is not

ZEero are CBSE 2021 (Term-I)
{a) spheres (b} planes
(c) ellipsoids (d) paraboloids

Three equipotential surfaces are shown in
figure. Which of the following is correct one for
the corresponding field lines?

v 8 v
e Y Y
AR
'I i ¥
H Jrq H
| Al G
! ,’“‘fﬂ
1lZI\‘..|r 8V gy 8V 8V 1oV
% % [ A i ]
w I-‘‘'''‘!Ii'---—._I'g.----"{""r
]
[

{E (d) Mone of these



10.

i1

12.

3.

14.

15.

16.

The electrostatic potential on the surface of a

charged conducting sphere is 100V. Two

statements are made in this regard

S, At any point inside the sphere, electric

intensity is zero.

S, At any point inside the sphere, the

electrostatic potential is 100V.

Which of the following is a correct statement?

(a) S, istruebutS$, is false NCERT Exemplar

(b) BothS, and S, are false

(c) S, istrue, S, is also true and S, is the cause of S,

(d) S, is true, S, is also true but the statements are
independent

Two charges 14 pnC and -4 uC are placed at
(-12em, 0, 0) and (12 cm, 0, 0) in an external

electric field E = (%} where B = 1.2x 10° N/em?
r

andr is in m. The electrostatic potential energy
of the configuration is CBSE 2021 (Term-I)

(a)97.9] (b) 102.1]
(c)2.1] (d)-97.9]

A + 3.0nC charge Q is initially, at a distance of

r; =10 em from a + 5.0nC charge g fixed at the
origin. The charge Q is moved away fromgq to a
new position atr, =15 cm. In this process, work
done by the field is CBSE 2021 (Term-I)

(a)1.29x 107 %] (b)3.6x 10% ]
(c)—4.5%x1077] (d)4.5% 107 7]

On bringing an electron near to other electron,
the potential energy of the system

(a) decreases (b) increases

(c) remains same (d) becomes zero

An electric dipole of length 1em is placed with the
axis making an angle of 30° to an electric field
of strength 10* N/C. If it experiences a torque of
1042 Nm, the potential energy of the dipole is
(a) 0.245] (b) 245]

(c) 2457 (d) 245.0]

What is the value of capacitance if a very thin
metallic plate is introduced between two
parallel plates of area A and separated at

distance d 7

2e4A 4, A
(a) g,A/d (b) ; (c) :

EgA
dy =22
(d) od

A parallel plate capacitor has a uniform electric
field (Vm™) in the space between the plates. If
the distance between the plates is d(m) and area

17.

18.

19.

20.

21.

(a)d:1
(c)2:1

(a)1/2pF
(c) 2pF

of each plate is A(m?), the energy (joule) stored
in the capacitor is

(a) %5052 (b) &,EAd

(c) lzeoszAd (d) E*Adle,

A variable capacitor is connected to a200 V
battery. If its capacitance is changed from 2 uF
to X uF, the decrease in energy of the capacitor
is2x1072J. The value of X is CBSE 2021 (Term-I)

(a) 1uF (b) 2uF
(c) 3uF (d) 4uF

Two parallel plate capacitors X and Y, have the
same area of plates and same separation
between plates. X has air and Y with dielectric
of constant 2, between its plates. They are
connected in series to a battery of 12 V. The
ratio of electrostatic energy stored in X andY is
CBSE SQP (Term-I)
(b)1:4
(dy1:2

If the charge on each plate of a capacitor of
60 uF is 3 x 107°C. Then, energy stored in the
capacitor will be
(a) 25107 "]
(€)35x107 "]

(b)15x107"]
(d)75x107" ]

Three capacitors 2puF, 3uF and 6 uF are joined

in series with each other. The equivalent
capacitance is CBSE SQP (Term-I)

(b) 1 uF
(d)11pF

A capacitor plates are charged by a battery with
V volts. After charging battery is disconnected
and a dielectric slab with dielectric constant K
is inserted between its plates, the potential
across the plates of a capacitor will become
CBSESQP (Term-I)
(b) V/2
(d) KV

(a) zero
(c)V/K

ASSERTION AND REASON

Directions (QQ. Nos. 22-32) In the following questions, fwo
statements are given- one labelled Assertion (A) and the other
labelled Reason (R). Select the correct answer to these questions

[from the codes (a), (b), (c) and (d) as given below

{a) Both Assertion and Reason are true and Reason is
the correct explanation of Assertion.



22,

23.

24.

25.

26.

27.

(b) Both Assertion and Reason are true but Reason is
not the correct explanation of Assertion.

{(c) Assertion is true but Reason is false.

(d} Assertion is false but Reason is true.

Assertion Work done by the electrostatic force
in bringing the unit positive charge from
infinity to the point P is positive.

’-"/.le—-"";
r —
Dmfﬂ 1";:\ +1C

Q= 0)

Reason For Q< 0, the force on unit positive
charge is attractive, so that the electrostatic
force and the displacement (from infinity to P)
are in the same direction.

Assertion Aand B are two conducting spheres
of same radius. A being solid and B hollow. Both
are charged to the same potential. Then, charge
on A=charge on B.

Reason Potential on both are same.

Assertion There is no potential difference
between any two points on the equipotential
surface.

Reason No work is required to move a test
charge on the equipotential surface from one
point to other.

Assertion The expression of potential energy
1
U=—— %, is unaltered whatever way the
dney 1y
charges are brought to the specified locations.
Reason Path-independence of work for
electrostatic force.

Assertion An electron has a high potential
energy when it is at a location associated with a
more negative value of potential and a low
potential energy when at a location associated
with a more positive potential.

Reason Electrons move from a higher potential
region to lower potential region.

CBSE SQP (Term-I)
Assertion In the absence of an external electrie

field, the dipole moment per unit volume of a
polar dielectric is zero.

Reason The dipoles of a polar dielectric are
randomly oriented.

28. Assertion Polar molecules have permanent
dipole moment.

Reason In polar molecules, the centre of
positive and negative charges coincides even
when there is no external field.

29. Assertion Charge on all the condensers
connected in series is the same.
Reason Capacitance of capacitor is directly
proportional to charge on it

30. Assertion An electron moves from a region of
lower potential to a region of higher potential.

Reason An electron has a negative charge.

31. Assertion A parallel plate capacitor is
connected across a battery through a key. A
dielectric slab of dielectric constant K is
introduced between the plates. The energy
which is stored becomes K times.

Reason The surface density of charge on the
plate remains constant or unchanged.

32. Assertion Ifthree capacitors of capacitances
Cy <= Cy < C3 are connected in parallel, and in
series then their equivalent capacitances,

C,>C,
1 1 1 1

Beason —=— + — + —
c, C C G

CASE BASED QUESTIONS

Directions (().Nos. 33-34) These questions are case J:w:ﬁr
based questions. Attempt any 4 Jub—p.d‘r:.r ﬁ'am edch question.
Each question carries 1 mark.

33. Proton in an Electric Field

Potential difference (AV) - £
between two points 4 and B | ——
separated by a distance x,in a I
uniform electric field E is given
by AV =— Ex, where x is -
measured parallel to the field +| —
lines. If a charge g, moves from | | & AR

Ato B, the change in potential

energy (AU)is given as AL = g ,AV. A proton is
released from rest in uniform electric field of
magnitude 8.0x 10* Vm™ directed along the
positive X-axis. The proton undergoes a
displacement of 0.50 m in the direction of E.



Mass of a proton = 1.66x 10 % kg
and charge on a proton = L6x 107" C.

With the help of the passage given above,
choose the most appropriate alternative for
each of the following questions.
(i) As the proton moves from Ato B, then
(a) the potential energy of proton decreases
(b) the potential energy of proton increases
(c) the proton loses kinetic energy
(d) total energy of the proton increases

(ii) The change in electric potential of the
proton between the points 4 and B is

(a) 40x 10* V (b) —4.0x 10" V
c) 64x 1077V (d) —64x 107"V

(iii) The change in electric potential energy of
the proton for displacement from Ato Bis
(a) —64x 107" ] (b) 6.4x 107" ]
(c) —64x 107" ] (d) 64%x 107 % ]

(iv) The velocity (vg) of the proton after it has
moved 0.50 m starting from rest is
(a) 1.6% 10* ms™ (b) 2.77x 10° ms™"
(c) 277x 10" ms™  (d) L6x 10° ms™*

(v) If in place of charged plates, two similar

point charges of 1 uC are kept in air at Im
distance from each other. Then, potential

energy is
(a)1] {b) 1eV
(c)9x107] (d) zero

34.

Electrostatic Potential Energy

Electrostatic potential energy of a system of
point charges is defined as the total amount of
work done in bringing the different charges to
their respective positions from infinitely large
mutual separations.

By definition, work done in carrying charge
from = to any point is

W = Potential x Charge
This work is stored in the system of two point

charges in the form of electrostatic potential

energy U of the system.

(i) Work done in moving a charge from one
point to other inside a uniformly charged
conducting sphere is
{a) always zero
(b} non-zero
{c) may be zero
{d) None of the above

(ii) A positively charged particle is released
from rest in an uniform electric field. The
electric potential energy of the charge
(a) remains a constant because the electric field is
uniform

(b) increases because the charge moves along the
electric field

(c) decreases because the charge moves along the
electric field

(d) decreases because the charge moves opposite
ta the electric field

(iii) Three charges are placed at the vertex of an
equilateral triangle of side [ as shown in
figure. For what value of Q, the electrostatic
potential energy of the system is zero?

+0Q
+q +9g
(@) —q (b) g/2
(c) —2q (d) —q/2

(iv) In the figure, proton moves a distance d in a
uniform electric field E as shown in the
figure. The work done on the proton by
electric field is

E

@
[

d

(a) negative (b) positive
(c) zero (d) None of these

(v) Two similar positive point charges each of
2uC have been kept in air at 3m distance
from each other. What will be the potential

energy?
(a)1] (b) 1eV
(€)12x107* ] (d) zero

VERY SHORT ANSWER Type Questions

35. Determine the work done in moving a test
charge g through the distance 1 ¢cm along the
equatorial axis of an electric dipole.

36. Why there is no work done in moving a charge
from one point to another on an equipotential
surface? Foreign 2012

37. Draw the equipotential surfaces due to an

isolated point charge.

CBSE 2019



38.
39.

40.

4.

42.

43.

44,

45.
46.

47.

Draw equipotential surface for an electric
dipole. CBSE 2019
A proton released from rest in an electrie field,
will start moving towards a region of ..........
potential in the field.

Depict equipotential surfaces due to an electric
dipole. CBSE 2020

A charge particle (+ g) moves in a uniform
electric field E in the direction opposite to E.
What will be the effect on its electrostatic
potential energy during its motion?  CBSE 2020

Assume a charge starting at rest on an
equipotential surface is moved off that surface
and then is eventually returned to the same
surface of rest after a round trip. How much
work did it take to do this? Explain.

Do electrons tend to go to regions of high
potential or low potential?

A proton is released at rest in a uniform electric
field. Does the proton’s electric potential energy
increase or decrease?

Does the proton move towards a location with a
higher or lower electric potential?

What is the net charge on a charged capacitor?

Two circular metal plates, each of radius 10 em,
are parallel to each other at a distance of lmm.
What kind of capacitor do they make? Mention
one application of this capacitor.

A metal plate is introduced between the plates
of a charged parallel plate capacitor. What is its
effect on the capacitance of the capacitor?

SHORT ANSWER Type Questions

48.

49.

Draw three equipotential surfaces
corresponding to a field that uniformly increase
in magnitude but remains constant along
x-direction.

How are these surfaces different from that of a
constant electric field along x-direction?

Two point charges 5puC and -5pC are placed at
points A and B, 5 cm apart.
(i) Draw the equipotential surface of the
system.
(ii) Why do equipotential surfaces get close to
each other near the point charge.

50.

51.

52.

Deduce an expression for the potential energy
of a system of two point charges g, and g,
located at positions r, and r,, respectively in an
external field (E). CBSE SQP (Term-I)

The plates in a parallel plate capacitor are
separated by a distance d with air as the
medium between the plates. In order to
increase the capacity by 66% a dielectric slab of
dielectric constant 5 is introduced between the
plates. What is the thickness of dielectric slab?

A parallel plate capacitor with air as dielectric is
charged by a DC source to a potential V.
Without disconnecting the capacitor from the
source, air is replaced by another dielectric
medium of dielectric constant K. State with a
reason, how does

(i) electric field between the plates and

(ii) energy stored in the capacitor change?

A slab of material of a dielectric constant K has
the same area as that of plates of a parallel
plate capacitor but has the thickness 2d/ 3,
where d is separation between the plates.

Find the expression of the capacitance when
the slab is inserted between the plates of the
capacitor.

LONG ANSWER Type [ Questions

54.

55.

56.

Two isolated metallic solid spheres of radii R
and 2R are charged such that both of these have
same charge density o. The spheres are located
far away from each other, and connected by a
thin wire. Find the new charge density on the
bigger sphere.

(a) Draw the equipotential surfaces
corresponding to a uniform electric field in
the z-direction.

(b) Derive an expression for the electric
potential at any point along the axial line of
an electric dipole. CBSE 2019

(a) Draw equipotential surfaces corresponding
to the electric field that uniformly increases
in magnitude along with the z-direction.

(b) Two charges —g and +q are located at points

(0, 0, —a) and (0, 0, a). What is the
electrostatic potential at the points
(0, 0,4z) and (x, y, 0)? CBSE 2019



57. (a) Two point charges + Q, and - Q, are placed r
distance apart. Obtain the expression for the
amount of work done to place a third charge
Q; at the mid-point of the line joining the
two charges.

(b) At what distance from charge +(Q, on the
line joining the two charges (in terms of Q,,

0, and r) will this work done be zero?
CBSE 2020

58. (a) Two point charges g, and g, are kept at a
distance of rj; in air. Deduce the expression
for the electrostatic potential energy of this
system.

(b) If an external electric field (E) is applied on
the system, write the expression for the total
energy of this system. CBSE 2020

59. Define the following.
(i) Polarisation
(ii) Electric susceptibility (1)
(iii) Electrostatic shielding

60. Choose the statement as wrong or right and
justify.
(i) Inside a conductor, electric field is not zero
because electrostatic potential is constant.
(if) On insertion of dielectric, capacitance of
capacitor increases.
(iii) When capacitors are connected in parallel,
the amount of charge in each capacitor will
be same.

61. A parallel plate capacitor has capacitance C, in
the absence of a dielectric. A slab of dielectric
material of dielectric constant g, and thickness
d/3is inserted between the plates. What is the
new capacitance when the dielectric is present?

62. Two parallel plate capacitors of capacitances C,

and C, such that C, = C, /2 are connected across
a battery of V volts as shown in the figure.
Initially, the key (K) is kept closed to fully
charge the capacitors.

The key is now thrown open and a dielectric
slab of dielectric K is inserted in the two
capacitors to completely fill the gap between
the plates. Find the ratio of

(i) the net capacitance and

(ii) the energies stored in the combination
before and after the introducing dielectric
slab.

v f __C1 Ca

63. You are given an air filled parallel plate
capacitor C,. The space between its plates is
now filled with slabs of dielectric constants K,
and K, as shown in figure.
(i) Find the capacitance of the capacitor C, if
area of the plates is A and distance between
the plates is d.

(ii) What is the value of capacitance if
K,=K,=K?

—a —i

b—a —i

64. Derive an expression for the energy stored in a
parallel plate capacitor. On charging a parallel
plate capacitor to a potential V', the spacing
between the plates is halved and a dielectric
medium of ¢, =20 is introduced between the
plates, without disconnecting the DC source.
Explain, using suitable expressions, how the (i)
capacitance, (ii) energy density of the capacitor
changes?

LONG ANSWER Type 1 Questions

65. (i) Establish the relation between electric field
and electric potential at a point.

(ii) Draw the equipotential surface for an
electric field pointing in + z-direction with
its magnitude increasing at constant rate
along — z-direction. CBSE SQP (Term-I)

66. (i) Depict the equipotential surfaces for a
system of two identical positive point
charges placed at distance d apart.

(ii) Deduce the expression for the potential
energy of a system of two point charges g,
and g, brought from infinity to the points
with positions r, and r, respectively in
presence of external electric field E.



67. (i) Obtain the expression for the potential due
to an electric dipole of dipole moment p at a

point x on the axial line.

(ii) Two identical capacitors of plate dimensions
I x b and plate separation d have dielectric
slabs filled in between the space of the
plates as shown in figure.

Obtain the relation between dielectric constants
K K, and K,. All India 2013

(i) Describe briefly the processs of transferring
the charge between the two plates of a
capacitor when connected to battery. Derive
an expression for the energy stored in a
capacitor.

(ii) A parallel plate capacitor is charged by a
battery to a potential difference V. It is
disconnected from battery and then
connected to another unchanged capacitor
of the same capacitance. Calculate the ratio
of the energy stored in the combination to
the initial energy on the single capacitor.

CBSE 2019

68.

NUMERICAL PROBLEMS

69. Calculate the potential at a point P due to a
charge of 5x 107" C located 11 cm away.

70. Ahollow metal sphere of radius 7 cm is charged
such that potential on its surface is 20 V. What
is the potential at the centre of the sphere?

71. When reaching for door handle often sliding
across a car seat on a dry winter day, you get a
spark when your finger tip is 5 mm away from
the handle. What was the potential difference
between you and the door handle just before
the spark? Given that dielectric strength of air
=3x10° V/m.

72. Two point charges 50 and Q are separated by
Im in air. At what point on the line joining the
charges, is the electric field intensity zero? Also,

74.

75.

calculate the electrostatic potential energy of
the system afchar_,ge s, taking the value of
charge,0=4x107"'C.

Calculate the work done to dissociate the
system of three charges placed on the vertices
of a triangle as shown in the figure.

Here,q =16 x107°C.
q

CBSE 2020

20 cm

=40 +2q

Read the following passage and answer the
question below it:

Potential difference (AV) between two points A4
and B separated by a distance x, in a uniform
electric field E is given by AV = — Ex, where x is
measured parallel to the field lines. If a charge
gy moves from Ate B, the change in potential
energy (AL) is given as AU = g ,AV. A proton is
released from rest in uniform electric field of
magnitude 8 x 10* V/m directed along the
positive X-axis. The proton undergoes a
displacement of 0.50 m in the direction of E.

Mass of a proton = 1.66x 107 kg and charge on
a proton =L6x 107 C.

With the help of the comprehension given
above, choose the most appropriate alternative
for each of the following questions.

(i) What will happen to the potential energy of
proton, when it moves from Ato B?

(ii) What will be the velocity (vg) of the proton
after it has moved 0.50 m starting from rest?

m E
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A200 uF parallel plate capacitor having plate
separation of 5 mm is charged by a 100V DC
source. [t remains connected to the source.
Using an insulated handle, the distance between
the plates is doubled and a dielectric slab of
thickness 5 mm and dielectric constant 10 is

introduced between the plates. Explamn with
reason, how the (i) capacitance, (ii) electric field
between the plates and (iii) energy density of
the capacitor will change. CBSE 2019



76.

77.

78.

79.

80.

A100 puF parallel plate capacitor having plate
separation of 4 mm is charged by 200 V DC. The
source is now disconnected. When the distance
between the plates is doubled and a dielectric
slab of thickness 4 mm and dielectric constant 5
is introduced between the plates, how will (i) its
capacitance, (ii) the electric field between the
plates and (iii) energy density of the capacitor

get affected? Justify your answer in each case.
CBSE 2019

In a network, four capacitors C,,C,,C; and C
are connected as shown in the figure.

Cz=6BuF
I
C, Cy I
12 C1=3|.1F
uF 4 pF "
I
1]
v

(a) Find the net capacitance of the circuit.

(b) If the charge on the capacitor C, is 6uC, (i)
calculate the charge on the capacitors Cy
and C, and (ii) net energy stored in the
capacitors (; and €, connected in series,

CBSE 2019

Find the total charge stored in the network of
capacitors connected between 4 and B as
shown in figure:

4uF, 2uF
A < >B
GuF JuF

i

v CBSE 2020

You are given three capacitors of 2 pF, 3uF, 4 uF,
respectively.
(a) Form a combination of all these capacitors

of equivalent capacitance %pF_

(b) What is the maximum and minimum value
of the equivalent capacitance that can be
obtained by connecting these capacitors?

CBSE 2020

What is the area of the plates of a 2.5 F parallel
plate capacitor, given that the separation
between the plates is 0.2 cm? (You will realise

81.

82.

11.
16.
2L
23.

25.

from your answer why ordinary capacitors are
in the range of uF or less. However, electrolytic
capacitors do have a much larger capacitance
(0.1 F) because of very minimum separation
between the conductors). NCERT

A network of four 10uF capacitors is connected

to a 300V supply as shown in the figure.
Determine the equivalent capacitance of the
network along AD.

B +D]||

I
Ca
-0 +0Q
— Ca==
+Q C.
A

-Q

m
+Qll-0
b——500 ¥ ——

If two parallel plate capacitors A and B are

connected in series combination with the same

supply voltage of V volt, the capacitor A has air

in between its plates while B has dielectric of

dielectric constant 4, then

(i) determine the capacitance of each
capacitor, if the equivalent capacitance of
the combination is 4puF,

(ii) Find the ratio of electrostatic energy stored
in Bto A

ANSWERS

. d) 2. (d) 3. (a) 4. (d) 5. (a)

. (a) 7. (o) 8. (a) 9. (0 10. {9
(a) 12. (d) 13. (b 14. (o) 15. (a)
(c) 17. (a) 18. (¢ 19. (d)  20. (b
(c) 22, (a)

{a) A and B are two conducting spheres of same radius.
A being solid and B hollow. Both are charged to the
same potential. Then, charge on A = Charge on B.
Because potentials on both are same.

{a) The proof of this statement is simple. There is no
potential difference between any two points on the
surface and no work is required to move a test charge
on the surface becanse work done

= potential difference x charge.

{a) The potential energy U = 4; 419z i ynaltered
My

2

whatever way the charges are brought to the specified
locations, because of path independence of work for
electrostatic force.



26.

7.

28,

29,

30.

3L

32

() Electrons move from a lower potential region to
higher potential region.

{a) There are polar and non-polar dielectric materials.
The molecules of a polar dielectric have a permanent
dipole moment. However, due to random orientations
net dipole moment is zero. If there is no external electric
field, there is no polarisation.

() The molecules of a substance may be polar or
non-polar. In a non-polar molecule, the centre of
positive and negative charges coincides. On the other
hand, a polar molecule is one is which the centres of
positive and negative charges are separated, even when
there is no external field. Such molecules have a
permanent dipole moment.

(c) Let two capacitors be connected in series. If +q
charge is installed on left plate of the first capacitor,
then —q charge is induced on right plate of this
capacitor. This charge comes from electron drawn from
the left plate of second capacitor. Thus, there will be
equal charge +g on the left plate of second capacitor and
—q charge induced on the right plate of second
capacitor. Thus, each capacitor has same charge (g)
when connected in series. Capacitance is quantity
dependent on construction of capacitor and independent
of charge.

{a) Electric field is set up from higher potential to lower
potential. An electron is negatively charged and moves
opposite to the direction of electric field, i.e., from lower
potential to higher potential.

A A

(asC" = KC, V' =VandCV =gq)

() Assertion is true as capacitance in parallel is greater
than capacitance is series. Reason is false as
C,=C,+C, +C,.

(i) (a) Potential energy of the proton decreases as it
moves in the direction of the electric field.

(ii) (B) AV = — FAx =— (8.0 10° V/m) (0.50 m)
=—4x 10'V
{iii) (&) AU = g, AV = (L6x 1077 C) (— 4.0% 10°V)
=—64x 107%]
{iv) (b) As, AK =— AU =64x 107" ]
(from conservation of energy)

1
AK =—mvi
2

[2AK
ar VB= —_—
m
_ | 264x 107%])
(1.66x 107 kg)

=277% 10° ms™

34.

35.

36.
37

38

by

39

40,

"

41.

{v) {(c) Electrostatic potential energy of the system,
i 1 494, _ 9%10% x1 107 x1x107*
4mE, r 1
=9%107°]

(i) (@) Since, E =0 inside the conductor and has no
tangential component on the surface, no work is done
in moving a small test charge within the conductor
and on its surface.

(i) (¢} The positively charged particle experiences
electrostatic force along the direction of electric field,
ie. from high electrostatic potential to low
electrostatic potential. Thus, the work is done by the
electric field on the positive charge, hence
electrostatic potential energy of the positive charge
decreases.

(iii) (d) Potential energy of the system,

U=@+E+@=n
i ! l
Kq X[(Q+gq+Q)]=0=20=—gq/2

T

=

{iv) (a) Since, the proton is moving against the direction of

electric field, so work is done on the proton against
electric field. It implies that electric field does
negative work on the proton. Again, proton is moving
in electric field from low potential region to high
potential region hence, its potential energy increases.

{v) (c) Electric potential energy of the system,
U=_1_ 39
4me, r
Here, g, =g, =1UC =1x107" C,
r=1m and;=9xlﬂg N-m*/C*
47Ey
Cox10” x2x107° x 2 %107
- 3
=12x107 %]

U

Electrostatic potential at any point on the equatorial
plane of dipole is zero.

~ Work done, AW =gAV =10

Change in potential is zero on an equipotential surface.
Refer to text and diagram on page 68

[Equipotential Surfaces in Different Cases (Case I)]

Refer to text and figure on page 68 [Equipotential
Surfaces in Different Cases (Cave IV)]

decreasing

As, electric field lines starts from higher potential and
ends at lower potential, so when a proton is released
from rest in the field, then it moves towards the region
of decreasing potential in the field.

Refer to text on page 68.

When a positive charge ¢ moves in a direction opposite

to the direction of electric field, the work done by field
is negative and electrostatic potential energy increases.



42, Work done, AW = gAV = g(0)=0

43. High potential

44 Proton moves from a location of higher potential to
lower potential. Thus, potential energy decreases.

45. Zero
46. Parallel plate capacitor. It is used to store electrostatic

energy.
47. Increases

48 y
Equipotential surfaces
FFE

Z

The equipotential surface are plane parallel to y-z plane.
As the field is increasing in magnitude along X-axis, so
the spacing between the planes decreases on moving
along X-axis. But in case of constant electric field, the
planes are spaced equally.

49. Refer to Q. 21 on page 75.

50. Suppose g, and g, charges are brought from infinity at
locations r, and r,, respectively in an external electric
field.

Let V (r, ) and V (r,) be the potentials at positions r, and
r, due to external electric field E. In this case, work is

done in bringing these charges against their own
electric fields and external electric field.

r

12

gy = - & 0z
iy fa

Work done in bringing g, from infinity to r, is,
W, =q,Vir)
Similarly, for g, work done, W, = ¢,V (r,)
Work done on q, against the electric field due to q,,
1 Fad,
ey |

Fiz

Wy = [y dr=

_49: jrl!l—_di‘= 1 g,9;
ame, 7= p* 4mMe, Ty,

where, 1, =|r, —r,|
. Potential energy of system V' = Work done in
assembling the configuration = W, + W, + W,

=g, V(r,)+q, V(r,) +—D92
o Mz
51 20 C-C_K-C [Ans. (d/2)]
. . [
52. Refer to text on pages 88 and 92,
53. Refer to Q. 23 on page 95. Ans. (i)(iﬂ]
K+2 d

54. Refer to Q. 37 on page 77. [Ans. 5a/6)

55. (a) Refer to Sol. 33 (ii) on page 80.
(b) Refer to text on page 67.

. (a) The equipotential surface are plane parallel to X-Y
plane. As the field is increasing in magnitude, the
spacing between surfaces decreases.

X

Equipotential surfaces

/// ) £

Y
(k) Let P(0,0, z) and x, y, 0) are two points on which
electric potential are to be calculated.

Z

P (0,0z2)
+q (0,0,4)

¥

i
[l

e et '-;Q tx. ¥ u}
+-q (0,03}

=7
Then, electrostatic potential at P

V. = 1 9 __ 9
b=

ine, |[(z—a) (z+a)

q)-:Za
4“21: (z* —ﬂz}

. P
ane, (z* — ')
The electrostatic potential at Q) is

X

[ p=qx2a

57. (a) The charges +(, and —(, are placed at A and B
respectively, as shown

+0, P =0z
A B

Let P be the mid-point of line joining A and B. The
potential at P due to charge +0, is,

o)
ame, ri2
and due to charge —Q, is
-0,
aneyrf2
The resultant potential at P is

V,=

Vs



Q O
dne,rf2  4me,r/2
2
Tl
The work done to place a charge Q, at P is,

wgu =200
@
we 200 -0
2RE,r

V=V +V, =

ar

(b) Let x be the distance from charge +(, on the line
joining the two charges, at which the work done will

be zero as shown.

+04 F

=0
A

B —————————F = ¥ }———

B

So, the potential due to charge +Q, at A is equal to
potential due to charge —Q, at B at point P, ie.

V’E‘L = V@:
— & - - — &=_ 2,
dme,x  4me,(r—x) x r—x
= FQ] _IQ] =—- sz
(0, —0s)

58. (a) Refer to text on page 70
(b) Refer to text on page 73.
59. Refer to text on pages 85 and 86.
60. (i) Refer to text on page 85.
(ii) Refer to text on page 8.
(iii) Refer to text on page 90.
61. Refer to Q. 23 on page 95.
62. Refer to Q. 29 page 96.
63. Refer to Q. 26 page 96.
64. Refer to text on page 92.
(i) and (if) Refer to Q. 38 on page 97.

65. (i) Relation between Electric Field and Electric
Potential
Let us consider a positive test charge (g,) moves a
distance (ds) from one equipotential surface to
another.The displacement (ds) makes an angle (8)
with the direction of the electric field (E).
Suppose a positive test charge (g, ) moves through a
differential displacement ds from one equipotential
surface to the adjacent surface.
We know that, the work done by the electric field on
the test charge during its movement is — g, dV. We
see that, the work done by the electric field may also
be written as the scalar product (g,E-dS) or

gq E cos 8 ds.

5

L
i
T
1
i
(]
[
1
i
[l
i
1
i
.

<

Two equipotential surfaces
(ii) Equating these two expressions for the work yields
—g,dV =g,Ecos 6 ds

= Ern::-esEI:—ﬂ
ds

Since, E cos8 is the component of E in the direction
of ds, therefore
v
ds
E=E,i+E j+Ek

E

where E_, E, and E_ are the x, y and z-components of
E at any point.

av

E.‘i’ == — E =—.:]_.l"lrI E =_I-']_V
P dy dz
pa-|3Vi, 297 3V0
lﬁlx dy’ dz J
For the simple situation in which the electric fieldE is
uniform.
AV
E=——
As

Negative sign shows that the direction of electric field
E in the direction of decreasing potential.

The equipotential surfaces for an electric field in
+ z-direction are shown below

¥

Equipotential
surfaces

As, the distance between the surfaces is decreasing
towards — z-direction, this means the electric field is
increasing in magnitude towards — z-direction at a
constant rate.

66. (i) Refer to text on page 68 (Case II).
(i) Refer to text on page 73.

67. (i) Refer to text on page 67.

— o m—— i m—

S ——

(ii) Refer to Q). 24 on page 96.



68. (a) Refer to text on page 87 (Parallel Plate Capacitor) and Ty = 1 e (E*)
page 92 (Energy stored in a Capacitor) v
(b) Refer to Sol. 27 on page 101.

1 _
. § == 885 %107 x (11 x10%)*
g _ 9100 Xx5%107 2

69. V= — = 409 kV g 3
4ne,r 11 =10 =53542 %107 J/m
T0. Potential, V=20V T76. GivenC =100pF, d = 4 mm,
Tl As, E=£ . t=4 mm, V=200V
dr {l]dr=2d,k=fr=5
A
= 3Ixi0*= Mr_j C=-2=
510
=12
= AV =15000V — 100 x 107 =w
kq.q 4%10
T2. Refer to Example 6 on page 65 and use [/ = =122 4 s
r = A=452Xx10" m
73. Refer to Example 15 on page 72. = E A
T4. (i) Refer to text on page 73. ad — t +L
(ii) Apply k
1 iy _ 885 x 1077 x 452 % 10°
—mv" =¢ =
Z [3—4 +1) % 107
= v=277 X10° m/s .
75. Given, C = 200F, d=5mm, t =5mm, V =100V =8333uF
(ii) Charge on capacitor, when 200 V is applied
po=BA 0 v - P
(1) y - g=0C,V, =100 %107 % 200 = 2% 107°C
o
Even after the battery is removed, the charge of
& -3 , J
A= 200%10 _ %5x10 2% 107 C on the capacitor plate remains same.
885} 107" f—
So,C,V, =C'V
=11299%10° m” oy GV _ 2% 1072 oy
When d'= 2d, then CEi{ ' g33zx™
L Eg=t0 o2 _55x10° Vim
» . YT d axi0?
=335Klﬂ * 11299 x 10 Ef_l'ﬂ_ 240
[1n—5+%]x1n“ 2d  2x4x10”
=30% 107 V/m

=1818 107" =1818uF
(iii) T =L e, E? = L x 885 x 1072 x (50 x 10%)?
(ii) Charge on capacitor, g = C,V, T Ty
—
=200 107 % 100 =11067 x 107 J/m*
=2x107°C
= C,V,=C"V’
-2 1
GV 2x10 oy = — % 885 X107 x (30 x 10*)*
C’  1818x10°° 2 ,
v 100 =39825% 107 J/m
i

- 1
@) =5 e E'Y

or V'

=0 _ _ 1
Eo= d 5% 0 X105V /m T7. C,and C, are in parallel combination, so
¢
LV 110 5 C'=C +C,=3+6=9uF
B = E= 10 % 1073 =11 X10° Vim Now,C’, Cy and C, are in series, so net capacitance is
1 1 11 1 1 1 1 1
(i) L_F=Ezn£§ =Exu5x1n"’- % (20 x10°) c ¢ ¢, C, 9 4 12

16 9
=1770 % 107 Jfm* =2 =c=IpF
¥ 36 Mie



(b) (i) Given, Q, =6uC
Now, potential across C,,

V=&=—= 2V
&
Thus charge on C,,
Q,=C,V=6x2=12C
Total charge on C,

andC,, Q=12+6=18uC

As charge is same in series combination,

. Charge on Cy and C, is 18 uC each.
(if) Total capacitance,

= C"=3uF
Thus, total energy stored in them is
2
Homs Q_”
2C
2
< LU8) 10
o AL
=54 %107 ]
78. As the given network is like a balanced Wheatstone
bridge, so no current flows through the middle wire and
the network becomes as shown

4pF  2pF

{H
6uF 3uF
—

Is
] T
v
So, equivalent capacitance of upper arm (series

combination) is

and of lower arm is

The net capacitance of the network is
C.4 = C, + C, (for parallel combination)

4 10
==+2= F
g
. Total charge, Q =C,_, x V
10
=?x3=1ouC

79. (a) When C, and C, are in series and C, is in parallel as

shown, then
Cy=2uF  Cy=4ayF
I 1
I 11
A— —8
West — — East
{|
Co=3yF
2x4 4 13
Copp == +3==+3=—
4 2+4 3 3"F

(b) Maximum value of the equivalent capacitance is
obtained when all capacitors are connected in parallel

combination,
ie. Coqq=C+C, +Cy=2+3+4=WYF
or Ceq = Crax = 9UF

and minimum value is obtained, when all capacitors
are connected in series combination,

. C,xC,xC,
S Ca=CC.sCCrC0
1—2 2vs > Yoz |
a2 2X3x4
2X3+3x4+4x2
12
or Copi =Ci = =i
eq = Crin 13!»11’

80. Refer to Example 2 on page 87. [Ans. 560 km?)

81 L=L+L+L

C, €
Coq. =C"+C =133F

82. Refer to Q. 53 on page 98.
(i) 5 uF, 20 uF (ii)1:4



