CLASS 12 PHYSICS

ELECTROSTATIC POTENTIAL AND CAPACITANCE
CAPACITORS AND CAPACITANCE

INTRODUCTION

A capacitor can store energy in the form of potential energy in an electric field. In this
chapter we'll discuss the capacity of conductors to hold charge and energy.

Definition of capacitance:

Capacitance of conductor is defined as charge required to increase the potential of conductor

by one unit.

Important points about the capacitance of an isolated conductor:
) It is a scalar quantity.

(ii)  Unit of capacitance is farad in SI units and its dimensional formula is M-1 L-2 [2 T4
(iii) 1 Farad: 1 Farad is the capacitance of a conductor for which 1 coulomb charge

increases potential by 1 volt.

(iv)  Capacitance of an isolated conductor depends on following factors:

(a) Shape and size of the conductor: On increasing the size, capacitance increases.
(b) On surrounding medium:
With increase in dielectric constant K, capacitance increases
(c) Presence of other conductors:
When a neutral conductor is placed near a charged conductor, capacitance of
conductors increases.
Capacitance of a conductor do not depend on
(@) Charge on the conductor
(b) Potential of the conductor

(c) Potential energy of the conductor.
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CAPACITOR:

A capacitor or condenser consists of two conductors separated by an insulator or dielectric.

¢)) When uncharged conductor is brought near to a charged conductor, the charge on
conductors remains same but its potential decreases resulting in the increase of
capacitance.
In capacitor two conductors have equal but opposite charges.
The conductors are called the plates of the capacitor. The name of the capacitor
depends on the shape of the capacitor.
Formulae related with capacitors

+Qa

Q:CV = C:g: QA — QB
Vo Va-Vg V-V,

Q = Charge of positive plate of capacitor.
V = Potential difference between positive and negative plates of capacitor
C = Capacitance of capacitor.

(b)

Energy stored in the capacitor

Initially charge =0 0

Intermediate

Finally,
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Q 2
w:jdw:lgdng—c

.. Energy stored in the capacitor = U

This energy is stored inside the capacitor in its electric field with energy
density

dau = lEE2 or leo erE2,
dav 2 2

The capacitor is represented as following:

I

Based on shape and arrangement of capacitor plates there are various types

of capacitors.
(a) Parallel plate capacitor.
(b) Spherical capacitor.
(c) Cylindrical capacitor
Capacitance of a capacitor depends on
(a) Area of plates.
(b) Distance between the plates.
(c) Dielectric medium between the plates
(viii) Electric field intensity between the plates of capacitors (air filled) E = /€0 V/d

(ix) Force experienced by any plate of capacitor F =q2/2Aec o

Example. Find out the capacitance of parallel plate capacitor of plate area A and plate
separation d.

Solution: mE = Q = Va-Vg=Ed.= Qd _
A €p A €
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Plate Area = A

d << size of the plate|

—Q

where A = area of the plates.

d = distance between plates.

Distribution of charges on connecting two charged capacitors:
When two capacitors are C1and Czare connected as shown in figure

+Q1 I- Q1
I
A C B

+Q2|‘|Q2

i
g & B G @ o
Initially Finally

Before connecti ﬁg the capacitors
Parameter I*' Capacitor 11" Capacitor
|:2

Capacitance
2

Charge
VE

Potential

After connecting the capacitors
Parameter I** Capacitor I Capacitor
Cz

Capacitance
Q’,

Charge
\

Potential

(a) Common potential:
By charge conservation of plates A and C before and after connection.

Qi+ Qz2=C1V+C2V
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V= Q,+Q, _ CV;+C,V, _  Totalcharge

C,+C, C,+GC, Total capacitance

': = Cl ! = = C2
(b) Q1'=C1V cic, Q1+ Q2) = Q2'=C2V C.C,

1
(c) Heatloss during redistribution:

2 C,+C,

AH = Ui - Ur= ( 1-V2)?

The loss of energy is in the form of Joule heating in the wire.
Note:
[.  When plates of similar charges are connected with each other

(+with +and-with-)then put all values (Q1 Q2 V1 V2) with positive sign

II. When plates of opposite polarity are connected with each other (+with-)then take

charges and potential of one of the plate to be negative.

Derivation of above formulae:

\2
Ae—] I_—°B‘
C,

Let potential of B and D is zero and common potential on capacitors is V, then at A and C it
will be V
C1V + C2V = C1V1 + C2V2

C\V;+C,V,
C,+C,

V= =~ H= %clvlz + %czvzz - % (C1+ C2)V?

2
lowiz+ L covze L CM+CVe)
2 2 2 (C,+C,)

C2VZ +C,C,VZ +C,C V2 + CoV2E — C2V2 —C3VZ2 - 2C,C,V,V,
C,+C,

Clcz

1 1
1 =1 Vi — V)2
5 5 C (V1 2)
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-1 GG

_ 2
2C,+C, (Vi—V2)

When oppositely charge terminals are connected then

C1V + C2V =C1V1 - C2V2

CV; -GV, and H = 1 C.Cy
C,+GC, 2 C+GC,

V=

(V1 + V2)?

Example. Three capacitors as shown of capacitance 1pF, 2uF and 2uF are charged upto
potential difference 30 V, 10 V and 15 V respectively. If terminal A is connected
with D, Cis connected with E and F is connected with B. Then find out charge

flow in the circuit and find the final charges on capacitors.

10V
W=

I
2uF

Solution:

Let charge flow is q. Now applying kirchhoff's voltage low

_(@-20) _(30+q)  30-q _,
2 2 1

-2q=-25

q=12.5puC

+17.5uC —17.5uC
B = —| |+

1.0
—42.5,C +42.5uC

Final charges on plates
12.5uC

—7.5;1_CI I*_;_?.SMC




CLASS 12 PHYSICS

CHARGING AND DISCHARGING OF A CAPACITOR:

Charging of a condenser:

(i) In the following circuit. If key 1 is closed then the condenser gets charged. Finite
time is taken in the charging process. The quantity of charge at any instant of time t
is given by q = qo[1 - e-(/RO]Where qo = maximum final value of charge at t = co.
According to these equations the quantity of charge on the condenser increases

exponentially with increase of time.

q

(i) Ift = RC =t then

q = qo [1 - e-R/R)] = g {1_1}

e

or q=qo(1-0.37)=0.63 qo=63% of qo

Time t = RC is known as time constant.
i.e. the time constant is that time during which the charge rises on the condenser

plates to 63% of its maximum value.

The potential difference across the condenser plates at any instant of time is
given by
V =Vo[1 - e-(/RO] yolt

The potential curve is also similar to that of charge. During charging process an
electric current flows in the circuit for a small interval of time which is known as
the transient current. The value of this current at any instant of time is given by
I = lo[e-(t/RO] ampere

According to this equation the current falls in the circuit exponentially.

7
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(vi) Ift=RC =1 = Time constant

During charging

During discharging

-
|~

[ = Ioe(-RC/RQ) = %0 =037 o

=37% of Io
i.e. time constant is that time during which current in the circuit falls to 37% of

its maximum value.

Derivation of formulae for charging of capacitor

it is given that initially capacitor is uncharged. Let at any time

charge on capacitoris q

Applying Kirchhoff voltage law.

e-iR-9 =0 — jrR= "4
C

= R 4g=adt
eC—-q

t
-1 - ] =
= -In(eC-q)+1neC e

— ;eC-q=¢C.e/RC

q = &C(1 - e-t/RC)
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After one time constant

q= SC(l—éj =¢C (1-0.37) = 0.63 &C.

Current at any time t

i= d_q =¢C [_et/RC (_ij]
dt RC

€
£ gtIRC

Voltage across capacitor after one time constant V= 0.63 ¢

Q=CV; Vc=¢g(l-et/RC)

Voltage across the resistor
VR =iR = get/RC
By energy conservation,

Heat dissipated = work done by battery — AUcapacitor

= Ce(e) - (% Ce2-0) = %CSZ

Example A capacitor is connected to a 36 V battery through a resistance of 20Q. It is found
that the potential difference across the capacitor rises to 12.0 V in 2us. Find the

capacitance of the capacitor.

The charge on the capacitor during charging is given by Q = Qo(1 - e t/RC),

Hence, the potential difference across the capacitor is
V=Q/C=Qo/C(1-et/RC),

Here, at t = 2 ps, the potential difference is 12V whereas the steady potential
difference is

Qo/C = 36V. So, = 12V =36V(1-et/RC)
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or, 1 - et/RC

Discharging of a condenser:
(i) In the above circuit (in article 10.1) if key 1 is opened and key 2 is closed then

the condenser gets discharged.

ki

(ii) The quantity of charge on the condenser at any instant of time t is given by

q=qoe- (t/RC)

i.e. the charge falls exponentially.

here qo = initial charge of capacitor

(iii) Ift=RC =t =time constant, thenq= %0 =0.37q0 = 37% of qo

i.e., the time constant is that time during which the charge on condense

plates in discharge process, falls to 37%

10
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(iv) The dimensions of RC are those of time i.e. M2LeT! and the dimensions of R_lc

are those of frequency i.e. MOLOT-1,
(v)  The potential difference across the condenser plates at any instant of time t
is given by V = Voe-(t/RO) Volt.
(vi) The transient current at any instant of time is given by I = -loe-(/RO ampere.
i.e. the current in the circuit decreases exponentially but its direction is opposite
to that of charging current. (- ive only means that direction of current is

opposite to that at charging current)

Derivation of equation of discharging circuit:

V
| |
+5| -

C—Q

R S—ANMNA
AVAVAVAVAVAC I WiRy =

Initially At any time t

Applying K.V.L.

+9_irR=0
C

_99_ Q -ure _je-t/Re
dt  RC
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Example Two parallel conducting plates of a capacitor of capacitance C containing charges
Q and -2Q at a distance d apart. Find out potential difference between the plates
of capacitors.

Solution: Capacitance =C

Electric field = 23Q ; V= 3Qd. = V= 2

)

AEO N ZAEO

CAPACITORS WITH DIELECTRIC

(i) In absence of dielectric E = =
€o

(ii) When a dielectric fills the space between the plates then molecules having dipole

moment align themselves in the direction of electric field.

E (extenal)

molecules of
polar material

effective

ob = induced charge density (called bound charge because it is not due to free

electrons).
* For polar molecules dipole moment # 0

* For non-polar molecules dipole moment =0

12
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(iii) Capacitance in the presence of dielectric

c A _AKg _ AKg
c 4 d  d
KEO

C:ﬁ:
\

Here capacitance is increased by a factor K.

_ AK g
d

C

(iv) Polarization of material: When nonpolar substance is placed in electric field
then dipole moment is induced in the molecule. This induction of dipole moment
is called polarization of material. The induced charge also produces electric field.

ob = induced (bound) charge density.

+++++ +

[t is seen the ratio of electric field between the plates in absence of dielectric and
in presence of dielectric is constant for a material of dielectric. This ratio is called
'Dielectric constant' of that material. It is represented by &r or k.

(e

Ein=

)
= ob=0 |1-—
K

Key

(v) Ifthe medium does not filled between the plates completely then electric field
will be as shown in figure

Case: (1):
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The total electric field produced by bound induced charge on the dielectric
outside the slab is zero because they cancel each other.

Case: (2)

(vi) Comparison of E (electric field), o (surface char
ges density), Q (charge), C (capacitance) and before and after inserting a

dielectric slab between the plates of a parallel plate capacitor.

Case Il

c _ Cv
= A e

v
d

Here potential difference between the plates, Here potential difference between
the plates
Ed=V

E=Y
d
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o

v
d €5
Equating both

G'

EO B K EO
¢'=Ko
In the presence of dielectric, i.e. in case II capacitance of capacitor is more.

(vii) Energy density in a dielectric = %eoe, E?

Example. A dielectric of constant K is slipped between the plates of parallel plate
condenser in half of the space as shown in the figure. If the capacity of air

condenser is C, then new capacitance between A and B will be-

®

(B) o

(© 7 [1+K]

2[1+K]

(o) 225

Solution: This system is equivalent to two capacitors in parallel with area of each plate g

€ A/2+eo (AI2K _ & A

C=Ci+C=
1t d d 2d

[1+K] =2 [1+K]

Hence the correct answer will be (C).
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(viii) Force on a dielectric due to charged capacitor:

(a) If dielectric is completely inside the capacitor, then force is equal to zero.

______Il'____

o+ +oh e b+ o+
T

v

(b) If dielectric is not completely inside the capacitor.

V = constant.

= constant (does not depend on x)

16
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Case Il : When charge on capacitor is constant

Cdx

_ & ac -
= o7 o (here force 'F' depends on x)

Example What is potential at a distance r (<R) in a dielectric sphere of uniform charge

density p, radius R and dielectric constant &r.

Solution Va=Vp+ %

r 2 2
V_ Q + Pr (—dr): Q + P(R —r )

 4n g R 2 3 g€ 4n ey R 3 g

KQ

Voutiside = T
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OTHER TYPES OF CAPACITORS
Spherical capacitor:

This arrangement is known as spherical capacitor.

Vi-Vo= {@_Q} _ {@_Q}: KQ _KQ
a b b bl a b

C= Q _ Q __ac _4neab
Vi-V,  KQ_KQ  K(b-a) b-a
a b

_4dmeyab
b-a

C

If b >> athen

C = 4mneoa (Like isolated spherical capacitor

If dielectric mediums are filled as shown then: C =

Cylindrical capacitor
There are two co-axial conducting cylindrical surfaces where
A >>aand A >> b, where a and b is radius of cylinders.

Capacitance per unit length C = %

A _4ney, _ 2me

ZKMnE 2(nE CnB
a a a

PHYSICS

4n g€, ab
b-a
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Capacitance per unit length = 2m & F/m

n—
a

Problem. When two isolated conductors A and B are connected by a conducting wire

positive charge will flow from.

(A)AtoB

(B)Bto A

(C) will not flow

(D) cannot say.

Charge always flows from higher potential body to lower potential body

Hence, Va = % =3V = Vg = % =4V AsVe>Va

(B) is correct Answer.




