1 ELECTROSTATICS

QUICK REVISION (Important Concepts & Formulas)

Charge
» Quantization: Charge is always in the form of an integral multiple of electronic charge
and never its fraction.
q = +ne where nis anintegerande = 1.6 x 10™° coulomb
=1.6x 107 C.
» Charge on an electron/proton is the minimum charge.
Charge on an electron is —ve. e = 1.6 x 107*° C.
Charge on a proton is +ve. e = +1.6 x 10™° C.
Total charge = + ne.

» A particle/body is positively charged because it loses electrons or it has shortage of electrons.

» A particle is negatively charged because it gains electrons or it has excess of electron.

Conservation: The total net charge of an isolated physical system always remains constant. Charge
can neither be created nor destroyed. It can be transferred from one body to another.

Coulomb’s inverse square law
Coulomb’s law states that the force of attraction or repulsion between two point charges is directly
proportional to the product of the charges and inversely proportional to the square of the distance

between them. The direction of forces is along the line joining the two point charges.
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Let g; and g2 be two point charges placed in air or vacuum at a distance r apart (see above Figure).
Then, according to Coulomb’s law,

Foc q1c212 or F=k. q1c212
r r

where Kk is a constant of proportionality. In air or vacuum, k =

4re,

> F :%ql—?z where F denotes the force between two charges q; and g, separated by a distance r
ey, I

in free space. ¢, is a constant known as permittivity of free space. Free space is vacuum and may be

Nm?
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deemed to be air practically and =9x10°

e,
» One Coulomb is defined as the quantity of charge, which when placed at a distance of 1 metre in air
or vacuum from an equal and similar charge, experiences a repulsive force of 9 x 10° N.

> If free space is replaced by a medium, then ¢, is replaced by (&,K) or (&,¢, ) where K is known as

dielectric constant or relative permittivity or specific inductive capacity (S.1.C.) or dielectric
coefficient of the medium/material/matter. Thus

Fol @G, _ 1 a4 _ 1 g
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K =1 for vacuum (or air), K = o« for conductor/metal.
> ¢, =8.85x 10 C*N'm™.
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» Vector form of the law (q; and g are like charges)
(I) E’Z 1 0.4, F_ 1 0.0, (E_E)
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> If ra is a unit vector pointing from ¢ to g1, then
F, :L.%?ﬂ = force on g by Q.
Are, Ty
When q:q > 0 for like charges.
> If ri2 is a unit vector pointing from q; to g3, then
F, = o .—q1q32 r, = force on g, by qs
dre, 1,
When q:q, > 0 for like charges.
Intensity/strength of electric field
> Intensity at a point is numerically equal to the force acting on a unit positive charge placed at the
point.
» It is a vector quantity.
> The units of intensity E are NC™, volt/metre.
» The dimensions of E are [MLT2A™].
Intensity due to a charge q at distance r
. 1 ¢
1) E= —
® 4rg, 1’
It acts in the direction in which a +ve charge moves.

(i) E=—>— .9 if point is in the medium.
g K

Potential (V) and intensity (E)
(i) E= —(:j—v when potential varies with respect to distance.
r

E_ potential difference Vv

(i) - =—, when potential difference is constant.
distance r
(iii) Potential at a point distance r from charge q.
1
V= ﬂ in free space
Areg, T

)V =—=— 9 in medium
Are,K 1

(v) Potential is a scalar quantity

Edr=dv
> From positively charged surface, E acts outwards at right angles i.e. along outward drawn normal.

> Intensity is equal to flux (number of electric lines of force) crossing unit normal area.
E_ qux(CI3)
area(s)




Electric lines of force

» Electric lines of force start from positive charge and terminate on negative charge.

» From a positively charged conducting surface lines of force are normal to surface in outward
direction.

> Electric lines of force about a negative point charge are radial, inwards and about a positive point
charge are radial, outwards.

> Electric lines of force are always perpendicular to an equipotential surface.

> These lines of force contract along the length but expand at right angles to their length. There is
longitudinal tension and lateral pressure in a line of force. Contraction shows attraction between
opposite charges while expansion indicates that similar charges repel.

» The number of electric lines of force (flux) passing through unit normal area at any point indicates
electric intensity at that point.

> For a charged sphere these lines are straight and directed along radius.

» These may be open or closed curves. They are not necessarily closed though the magnetic lines of
force are closed.

> Two lines of force never intersect or cut each other.

> Lines of force are parallel and equally spaced in a uniform field.

» Tangent to the curve at a point shows direction of field.

Gauss law

» For a closed surface enclosing a net charge q, the net electric flux @ emerging out is given by
®=¢Eds="
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» Ifadipole is enclosed by a closed surface, flux @ is equal to zero.
Here the algebraic sum of charges (+q — q = 0) is zero.

» The flux will come out if +ve charge is enclosed. The flux will enter if negative charge is enclosed.

Flux from a cube

(i) If g is at the centre of cube, total flux (@) =

a4
0

g

(if) From each face of cube, flux = ——.

Electric field due to a charged shell

(i) At an external point, E =

This is the same as the field due to a point charge +Q 7 >
placed at the centre. *
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(i) At a point on surface of shell, this is Emax . N

Again the shell behaves like a point charge placed at
centre.
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(iii) At an inside point (r’ <R), E=0.
Thus a charge q placed inside a charged shell does not
experience any force due to the shell.

Gaussian surface

(i) For a sphere or spherical shell a concentric sphere.
(i) For a cylinder or an infinite rod a coaxial cylinder.
(iii) For a plate a cube or a cuboid.



Potential and intensity due to a charged conducting sphere (or shell)

At a point outside the charged sphere
(i) Intensity, E = ! &2 (r > radius of sphere R)
Arg, 1

It is a vector quantity.

el
Arg, T
It is a scalar quantity.

(i) Potential, V =

At a point on the surface of charged sphere
q

.— (r =radius of sphere R)

(i) Intensity, E = !
4re,

It is a vector quantity.

a
4re, R

It is a scalar quantity.

(i) Potential, V =

At a point inside the sphere (r < radius of sphere)
(i) Intensity E = zero.
q

4rey, R
Potential is constant inside the sphere. This is same as potential at the surface of sphere.

(i) Potential, V =

At the centre of sphere
(i) Intensity E = zero.
a

(i) Potential, V =
4rey, R

At infinity
(i) Intensity E = zero.
(i) Potential V = zero.

Electric field and potential due to charged nonconducting sphere
Outside the sphere when r > radius of sphere R

(i) Electric intensity, E = % It is a vector quantity.
Arg, 1

(i1) Electric potential, V = 4 It is a scalar quantity.
Arg, T

On the surface of the sphere wherer =R

(i) Electric intensity, E = iz It is a vector quantity.
4re,
(i1) Electric potential, V = A It is a scalar quantity.
4rey, R

Inside the sphere when r <R
1 ar

i) Electric intensity, E = .
® Y 4rg, R®
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Vectorially, E = .
Y 4rg, R

1 q(3R*-r?)

ii) Electric potential, V =
W P 4rg,  2R°

At the centre of sphere whenr =0
(i) Electric intensity E = zero.

(i1) Electric potential, V :E. ! .
2 4rns,

a
R

Potential at centre = % x potential at surface
At infinity

(i) Intensity = zero.

(i) Potential = zero.

Electric dipole
Two equal and opposite charges (q) each, separated by a small distance (I) constitute an electric dipole.
Many of the atoms/molecules are dipoles.

(i) Dipole moment, p = qx ()
(i) Dipole moment is a vector quantity.
(iii) The direction of p is from negative charge to positive charge.

(iv) Unit of dipole moment = coulombmetre = Cm.
(v) Dimension of dipole moment = [ATL].

Intensity of electric field due to a dipole
(i) Along axis at distance r from centre of dipole

E :2—5. ! Direction of E is along the direction of dipole moment.
r’ A4re,
(i) Along equator of dipole at distance r from centre
= % ! Direction of E is anti-parallel to direction of p.
r’ 4ne,

(iii) At any point along direction q

E :%\/1+3c039. 1
r

4re,

The direction of E makes an angle g with the line joining the point with centre of dipole where tan

:itane.
2

Torque on a dipole
Tq gE

» L

E
g 7

Two forces [gE and (—qE)] equal, opposite and parallel, separated by a distance constitute a couple.



torque (7 ) = = pxE
|7 |= pEsin®

This direction of 7 is perpendicular to the plane containing p and E.The torque tends to align the

dipole in the direction of field.

When dipole is parallel to electric field, it is in stable equilibrium. When it is antiparallel to electric
field, it is in unstable equilibrium.,

Torque is maximum when 6 = 90°. Dipole is perpendicular to E. Therefore maximum torque = pE.

Potential energy of dipole in uniform electric field
Workdone in rotating the dipole from an angle 6, to angle 6,.

0, 0, 0

W = jrd@ :j PEsinAdo = pE [—cos@]e2 = —pE(cos, —cosd,)
0, 0, 1

(i) If 6,=0and 6, =180°, W = 2pE.

(i) If 6, =0and 6, =90°, W = pE.

Potential energy of dipole, when it is turned through an angle q from field direction is
U=—-pEcosd =- p x E

(i) If & =0, U =—pE.

The dipole orients itself parallel to field.

(i) If 6 =90°, U =0.

(iii) If 6 =180°, U = pE.

Variation of potential energy of dipole with angle 6, between E and p, is shown in the figure.

PE
A

PDZZRED

(i) Potential energy is negative from 0 to 7 /2 and 37 /2 to 2 . They are regions of stable equilibrium of
dipole.

(i) Potential energy is positive from 7 /2 to 3 /2. This is the region of unstable equilibrium of the
dipole.

Dipole in non-uniform electric field
In non-uniform electric field, the two ends of dipole are acted upon by forces qE; and —gE; . They are
not equal as E; # E; in non-uniform field. Hence a force and a torque both act on the dipole.

Force acting on the dipole can be represented by F = Bxc;—lrz

Broadly speaking,

Net force = (QE; — qE2) along direction of greater field intensity.

On account of net force upon dipole, it may undergo linear motion.

In a non-uniform electric field, a dipole may, therefore, undergo rotation as well as linear motion.



Potential energy of charge system
For two point charges g; and g, separated by a distance r, electrostatic potential energy U is given by

U — 1 qqu
Are, T

Gy, %0 qsql}

. 1
For three point charges, U = {
ey | r, I,

9.

» For n charges, consider all pairs with due regard of signs of charges, positive or negative.
> S.1. unit of energy = joule (J)
» Another popular unit is electron volt (eV).

1eV =1.6x 10" joule.

Charged soap bubble
For equilibrium of a charged soap bubble, pressure due to surface tension = g acting inwards.

2
Electric pressure due to charging = ;— acting outwards.
&o
. 4T o° .
At equilibrium, — = —— where s = surface density of charge

r 2,
4T 1 ( q Y
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r 230(47rr2j f 0

Here air pressures, inside and outside the bubble, are supposed to be same.

Behaviour of a conductor in an electrostatic field

In the case of a charged conductor

(i) Charge resides only on the outer surface of conductor.

(i1) Electric field at any point inside the conductor is zero.

(iii) Electric potential at any point inside the conductor is constant and equal to potential on the surface
of the conductor, whatever be the shape and size of the conductor.

(iv) Electric field at any point on the surface of charged conductor is directly proportional to the surface
density of charge at that point, but electric potential does not depend upon the surface density of charge.

Capacitance

When a conductor is given a charge, its potential gets raised. The quantity of charge given to a
conductor is found to be directly proportional to the potential raised by it. If g is the charge given to
conductor and V is potential raised due to it, then q o« V or q = CV, where C is a constant, known as
capacitance of the conductor.

charge

Capacitance = ——— .
potential



Unit of capacitance is farad.

1F = 1 coulomb/volt.

1 Farad = 9 x 10"* stat farad.

Dimensions of capacitance are [MLT*A?.

Capacity of an isolated spherical conductor : Capacitance of an isolated spherical conductor of radius
a placed in a medium of dielectric constant K,
C =4re,Ka farad
For vacuum or air, K =1, hence
C, =4ns,a farad.
i.e., capacitance of a spherical conductor p radius.
Capacitor is a pair of two conductors of any shape which are close to each other and have equal and
opposite charges.

A capacitor is an arrangement which can store sufficient quantity of charge.

The quantity of charge that can be given to a capacitor is limited by the fact that every dielectric medium
becomes conducting at a certain value of electric field.

Capacitance of a capacitor is

(i) Directly proportional to the area of the plates (A).

(i) Inversely proportional to distance between plates (d) -1 .

(iii) Directly proportional to dielectic constant of the medium filled between its plates (K).

Parallel plate capacitor : Capacitance of a parallel plate capacitor filled completely with some
dielectric medium.

C- Keg, A
d
For air and vacuum, K = 1.
L
d
Capacitance of a parallel plate capacitor filled with dielectric slab of thickness t is given by
C- EA

Capacitance of a parallel plate capacitor filled with a conducting slab of thickness t is given by

5A
(d-1)
. . Q?
The plates of a parallel plate capacitor attract each other with a force F = A
Eo

Capacitance of a spherical condenser/capacitor, is C = 47¢,K [ba_b}

when a and b are the radii of inner and outer spheres respectively.

Dielectrics are of two types : Nonpolar and polar. The nonpolar dielectrics (like N, O, benzene,
methane) etc. are made up of nonpolar atoms / molecules, in which the centre of mass of negative
coincides with the centre of mass of negative charge of the atom / molecule.



The polar dielectrics (like H,O, CO, , NH3 , HCI) etc. are made up of polar atoms / molecules, in which
the centre of mass of positive charge does not coincide with the centre of mass of negative charge of the
atom / molecule.

A non-polar dielectric can be polarized by applying an external electric field on the dielectric.

The effective electric field E in a polarised dielectric is given by E = Eo — E, where Eo is strength of

external field applied and E, is intensity of induced electric field set up due to polarization. It is equal

to surface density of induced charge.
The ratio Eq / E = K, dielectric constant.

When a dielectric slab is placed between the plates of a parallel plate capacitor, the charge induced on its
sides due to polarization of dielectric is
_4(K-1)
4 =4 K
Capacitors in series: Equivalent capacitance of a series combination of capacitors is

1 1 1 1
+—F

—_— — + —_

C C C, C;

In series combination of capacitors, charge is same on each capacitor and is equal to charge supplied by
source CV =C1V; = CyV, = ...

Capacitors in parallel : Equivalent capacitance of a parallel combination of capacitors is Cp = C; + C;
+ Cs +....

In parallel combination of capacitors, potential difference is same across each capacitor and is equal to

applied potential difference 4_-%4_9 _%_
G G G
Electric potential energy stored in a charged conductor or capacitor is
2
u-lovelolyy
2 2C 2

The electric potential energy of capacitor resides in the dielectric medium between the plates of the
condenser.

When two charged conductors are connected together, the redistributed charges on them are in the ratio
of their capacitance.

When two charged conductors having charges g; and g, and capacitances C; and C, are connected
4 +G — C1V1 + szz
C +C, C +C,

where

together, then after redistribution of charges, the common potential is V =

Vi and V; are the initial potentials of the charged conductors.

In case of charged capacitors, when plates of same polarity are connected together, common potential
V= CV,+C)\V,

C,+C,
C1V1 - szz

But when plates of opposite polarity are connected together, then common potential is V = cic
1 + 2

Total energy stored in any grouping of capacitors is equal to sum of the energies stored in individual
capacitors.



If n charged drops, each of capacity C, charged to potential V with charge g, surface density o and
potential energy U coalesce to form a single drop, then for such a drop,

total charge = nq

total capacity = n**C

potential = n??v

Surface density of charge = n** o,

and total potential energy = n?*U.

Sharing of charges
(i) Common potential : When two capacitors at different potentials V; and V, are connected, charged q;
(= C1V1) and gz (= C,V,) are redistributed till a common potential V is reached. Then
_ totalcharge ¢, +q, CV,+C),
total capacity C,+C, C,+C,

(i) Loss of energy : During sharing of charges, energy is lost; mostly as heat, partly as cracking noise
and partly as sparking light.

2
Loss of energy :EM
C +C,



Important Questions & Answers

VERY SHORT ANSWER TYPE QUESTIONS (1 MARK)

1. Why must electrostatic field at the surface of a charged conductor be normal to the surface at
every point? Give reason.
Ans. The work done in moving a charge from one point to another on an equipotential surface is
zero. If electric field is not normal, it will have a non-zero component along the surface which would
cause work to be done in moving a charge on an equipotential surface.

2. Figure shows the field lines due to a positive point charge. Give the sign of potential energy
difference of a small negative charge between the points Q and P.

Q

Ans. U :L.ﬂ
Are, 1’
Here, U, <U,

Therefore, U, —U, is negative

3. Why do the electrostatic field lines not form closed loops?
Ans. The electrostatic field lines start from positive charge and end on negative charge.

4. Why do the electric field lines never cross each other?
Ans. If the field lines cross each other, then at the point of intersection, there will be two directions
for the same electric field which is not possible.

5. Figure shows the field lines on a positive charge. Is the work done by the field in moving a
small positive charge from Q to P positive or negative? Give reason.



10.

11.

12.

13.

Ans. The work done by the field is negative. This is because the charge is moved against the force
exerted by the field.

At what position is the electric dipole in uniform electric field in its most stable equilibrium
position? [Al 2008]
Ans. When 6 =0° between Pand E

If the radius of the Gaussian surface enclosing a charge is halved, how does the electric flux
through the Gaussian surface change? [Al 2008]
Ans. The electric flux remains the same, as the charge enclosed remains the same.

Define the term electric dipole moment of a dipole. State its S.I. unit. [Al 2008]
Ans. Strength of an electric dipole is measured by its electric dipole moment, whose magnitude is

equal to product of magnitude of either charge and separation between the two chargesi.e., p =g.2a

and is directed from negative to positive charge, along the line joining the two charges. Its SI unit is
Cm.

A charge ‘q’ is placed at the centre of a cube of side |. What is the electric flux passing through
each face of the cube? [Al 2012]

Ans. Flux through whole of the cube, ¢ = a9
&o

¢$_ 9

Flux through each face of the cube, ¢'=*-= e
€o
Two charges of magnitudes —2Q and +Q are located at
points (a, 0) and (4a, 0) respectively. What is the electric
flux due to these charges through a sphere of radius ‘3a’
with its centre at the origin? [Al 2013]

Ans. Electric flux ¢:M:ﬂ
o €9

What is the electrostatic potential due to an electric dipole at an equatorial point? [Al 2009]
Ans. Zero

Name the physical quantity whose S.1. unitis J C™* . Is it a scalar or a vector quantity? [Al
2010]
Ans. J C™ is the S.I. unit of electrostatic potential. It is a scalar quantity.

What is the value of the angle and between the vectors p and E for which the potential energy

of an electric dipole of dipole moment p, kept in an external electric field E, has the
maximum value.



Ans. Potential energy = —p.E = —pE cos6
Therefore, Potential energy is the maximum when cos@=-1 ie. 8 =r or 180°

14. A point charge Q is placed at point O as shown in the figure. Is the potential difference Va — Vg
positive, negative or zero, if Q is (i) positive (ii) negative? [Al 2011]

Q
@ecssnsrssssenssnnnnessaannnn @eessinnnues ®
O A B

Ans. (i) If Q is positive, Va — Vg is positive.
(i) If Q is negative, Va — Vg is negative.

SHORT ANSWER TYPE QUESTIONS (2 MARKS/3 MARKS)

15. Define electric flux. Write its S.1. unit.
A charge g is enclosed by a spherical surface of radius R. If the radius is reduced to half, how would
the electric flux through the surface change? [Al 2009]
Ans. Electric flux linked with a surface is the number of electric lines of force cutting through the
surface normally. It’s Sl unit is Nm?C™ or Vm on decreasing the radius of spherical surface to half
there will be no effect on the electric flux.

16. A positive point charge (+q) is kept in the vicinity of an uncharged conducting plate. Sketch
electric field lines originating from the point on to the surface of the plate. Derive the
expression for the electric field at the surface of a charged conductor. [Al 2009]

Ans. Let us consider an infinite plane sheet of charge of uniform charge density where q is charge in
area A on sheet of charge.

54
A
%
oo
4 ds 4
+ + E
4 +
+ —
—3 + SE¥
E ds_* Ganssian + + 5 E
eylndrical + +
surface +
++ "
< =S >
r 4 ¥
—oo

Let P be any point on the one side of sheet and P’ on the other side of sheet, at same distance r from
it. We draw a Gaussian cylindrical surface S of cross section area A cutting through the plane sheet
of charge, such that points P and P’ lie on its plane faces. Then electric flux linked with cylindrical
surface S is
o=¢E-ds
or o= [E-ds+ [E-ds+ [ E-ds
Ipf cs pf

or o= jEdscosO+_[Edscos90+ jEdscosO
cs rpf

Ipt

or $=Efds+0+E[ds=EA+EA

Ipf pf



17.

18.

or ¢ =2FA4 ...(11)
But by Gauss’s theorem

:i e
e ...(111)
where g 1s the charge in area 4 of sheet, enclosed by

cylindrical surface S.

By equations (i1) and (i11), we get

- = 4
2FA - or E e,
fe]

or E—280

This gives the electric field intensity at any point near or on the surface of the infinite thin plane
sheet of charge.

A parallel plate capacitor is charged by a battery. After some time the battery is disconnected
and a dielectric slab of dielectric constant K is inserted between the plates. How would (i) the
capacitance, (ii) the electric field between the plates and (iii) the energy stored in the capacitor,
be affected? Justify your answer. [Al 2009]

Ans. (i) On filling the dielectric constant of K in the space between the plates, capacitance of

parallel plate capacitor becomes K times i.e. C = KCy

(i) As the battery was disconnected, so the charge on the capacitor remains the same i.e. Q = Qo. So,

Q,

ey E E, . .
the electric field in the space between the plates becomes E=—2-=—_ or E=-2 i.e. electric
KAg, KAg, K

field becomes % times.

2 2
(iii) Energy stored in capacitor becomes U :EQ— :EQ—O U =£UO i.e. becomes L times.
2 C 2KC 2 K
A spherical conducting shell of inner radius r; and outer radius r, has a charge Q. A charge q
is placed at the centre of the shell.

(a) What is the surface charge density on the (i) inner surface, (ii) outer surface of the shell?
(b) Write the expression for the electric field at a point x > r 2 from the centre of the shell. [Al
2010]
Ans. (a) (i) Surface charge density on the inner surface of shell is o;, = 4_?_2

T 1

Q+4q

Q+q

2
4rr,

(ii) Surface charge density on the outer surface of shell is Oyt =
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20.

21.

22,

23.

(b) Using, Gauss’s law, E(X) = L 2 J; d

dre, X
Explain the meaning of the statement “electric charge of a body is quantized’.
Ans. The electric charge of a body is quantized means that the charge on a body can occur in some
particular values only. Charge on any body is the integral multiple of charge on an electron because
the charge of an electron is the elementary charge in nature. The charge on any body can be
expressed by the formula
q=zxne, where, n = number of electrons transferred and e = charge on one electron.
The cause of quantization is that only integral number of electrons can be transferred from one body
to other.

Why can one ignore quantization of electric charge when dealing with macroscopic, i.e., large
scale charges?

Ans. We can ignore the quantization of electric charge when dealing with macroscopic charges
because the charge on one electron is 1.6 x 10™*° C in magnitude, which is very small as compared
to the large scale change.

An electrostatic field line is a continuous curve. That is, a field line cannot have sudden breaks.
Why not?

Ans. An electrostatic field line represents the actual path travelled by a unit positive charge in an
electric field. If the line have sudden breaks it means the unit positive test charge jumps from one
place to another which is not possible. It also means that electric field becomes zero suddenly at the
breaks which is not possible. So, the field line cannot have any sudden breaks.

Explain why two field lines never cross each other at any point?

Ans. If two field lines cross each other, then we can draw two tangents at the point of intersection
which indicates that (as tangent drawn at any point on electric line of force gives the direction of
electric field at that point) there are two directions of electric field at a particular point, which is not
possible at the same instant. Thus, two field lines never cross each other at any point.

Show that the electric field at the surface of a charged conductor is given by E = % h where
&o

o is the surface charge density and is a unit vector normal to the surface in the outward

direction. [Al 2010]

Ans. Consider an elementary area S on the surface of the charged conductor. Enclose this area

element with a cylindrical gaussian surface as shown in figure.

Now electric field inside a charged conductor is zero. Therefore, direction of field, just out side §S

will be normally outward i.e. in direction of n.
According to Gauss’s theorem, total electric flux coming out is

,Gaussian surface

......
Pk
-

= g 005

Eo6S [E is electric field at the surface]

&o
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24. Using Gauss’s law obtain the expression for the electric field due to a uniformly charged thin

25.

spherical shell of radius R at a point outside the shell. Draw a graph showing the variation of
electric field with r, for r >R and r < R. [Al 2011]

Ans. Consider a thin spherical shell of radius R carrying charge Q. To find the electric field outside
the shell, we consider a spherical Gaussian surface of radius r (> R), concentric with given shell.
The electric field E is same at every point of Gaussian surface and directed radially outwards (as is

unit vector n so that qg=0°

According to Gauss’s theorem, gﬁ Eds :gﬁ Ends=2
S S 80
or Egg ds _Q
S 80

- E(4nr?) :g: E= ! gz
& Arey 1

Hence, electric field outside a charged thin spherical shell
is the same as if the whole charge Q is concentrated at the
centre.

The variation of electric field E with distance from
centre of a uniformly charged spherical shell is shown in figure.

T

E

@)
Distance from —»
centre (r)

Draw 3 equipotential surfaces corresponding to a field that uniformly increases in magnitude
but remains constant along Z direction. How are these surfaces different from that of a
constant electric field along Z direction? [Al 2009]

Ans. For constant electric field, equipotential surfaces are equidistant for same potential difference
between these surfaces. For increasing electric field, separation between equipotential surfaces
decreases, in the direction of increasing field, for the same potential difference between them.
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26. A network of four capacitors each of 12 u F capacitance is connected to a 500 V supply as

shown in the figure. Determine (a) equivalent capacitance of the network and (b) charge on
each capacitor.

CZ
| |
|

||
||
cfi
O4¢——— 500 V———p0

Ans. Here C; , C; and Cs are in series, hence their equivalent capacitance is C’ given by

11, 1.1
c''Cc C, C,
C':%uF:C‘:MzF

The circuit can be redrawn as shown, above. Since C’ and C, are in parallel
nC =C+C, =4uF +12uF =16uF

C c’
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28.

(b) Since C” and C, are in parallel, potential difference across both of them is 500 V.
..Charge across C4is Qs =C4x 500 C
=12x10°x 500 C=6mC
and Charge across C’, Q’ =C’x500C
=4x10°x500C=2mC
~+Cy1, Cy, Cs are in series, charge across them is same, which is Q* =2 mC

Figure shows two identical capacitors C; and C, , each of 1 u F capacitance connected to a

battery of 6 V. Initially switch S is closed. After sometime S is left open and dielectric slabs of
dielectric constant K = 3 are 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?
Pt
&

Cy
—1uF

——1uF

Ans. When the switch S is closed, the two capacitors in parallel will be charged by the same
potential difference V.

So, charge on capacitor C;

q1:C1V =1x6=6mC

and charge on capacitor C,

q2:C2V:1X6:6mC

q=01+Q02=6+6=12mC.

When switch S is opened and dielectric is introduced. Then

= C' o C o
ON = A B

Capacity of both the capacitors becomes K times
e, C1=C,=KC=3%x1=3mF
Capacitor A remains connected to battery
~Vi=V=6V
1=Kg=3x6mC=18mC
Capacitor B becomes isolated
Q’z =(Qor C»HVy=CV,0r (KC)V’Z =CV
V', = V.5 _w
K 3
A test charge ‘q’ is moved without acceleration from A to C along the path from A to B and
then from B to C in electric field E as shown in the figure. (i) Calculate the potential difference
between A and C’. (ii) At which point (of the two) is the electric potential more and why? [Al
2012]
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Ans. In the relation
A A
dr (2-6)
()Vc — Va = 4E (ii) Hence V¢ > Va
Also electric field is directed from points of high potential to low potential.

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’? [Al
2012]

Ans. Potential difference between the plates of capacitor V :%

Work done to add additional charge dq on the capacitor

dW:Vqu:%qu

- Total energy stored in the capacitor
Q 2
q 1Q
U=|dW =|=dg==—
Jaw =] g da=3
When battery is disconnected

(1) Energy stored will be decreased or energy stored = % times the initial energy.

(i1) Electric field would decrease
or E'= E
K
Alternatively, if a student attempts to answer by keeping the battery connected, then
(i) energy stored will increase or become K times the initial energy.
(i) electric field will not change.

Draw the equipotential surfaces due to an electric dipole. Locate the points where the potential
due to the dipole is zero.
Ans.
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33.

e Ad

ehB
Alternatively Any point on the equatorial plane (AB) of the dipole.

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

[Al 2013]
Ans, K
Capacitance of a capacitor partially filled with a dielectric
C= __&A _ I
d-t +L

K

~C- A 25AK
g 9. d d(K+1)
2 2K +~d/2—»

- d -

A capacitor, made of two parallel plates each of plate area A and separation d, is being charged
by an external ac source. Show that the displacement current inside the capacitor is the same
as the current charging the capacitor. [Al 2013] A
Ans. The displacement current within capacitor plates
ly=¢ d(ﬁE
q q 1 1

where ¢E:EA:¥0A:8_0 —d—
=509

g, dt 4D\

/

A point charge (+Q) is kept in the vicinity of uncharged conducting plate. Sketch electric field
lines between the charge and the plate.
Ans.

Induced
-ve Charge

\

3
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The lines of force start from + Q and terminate at metal place inducing negative charge on it.
The lines of force will be perpendicular to the metal surface.

Derive the expression for the electric field of a dipole at a point on the equatorial plane of the

dipole.

Ans. It is the product of magnitude of either charge and the distance between the two equal and

opposite charges. Alternatively,
p=q2aa

It is a vector quantity.

E =E cosO+E, cosd =2E, coso

2 q a

g, (rP+a?) (rr+a?)?

2 ga 1 2qa

Ame, (rP+a?)? 4me, (P +a%)*?
1 p

= where p=2qa
4rg, (r* +a%)*? P=2q

Using Gauss’ law deduce the expression for the electric field due to a uniformly charged
spherical conducting shell of radius R at a point (i) outside and (ii) inside the shell. Plot a graph
showing variation of electric field as a function of r > R and r < R. (r being the distance from

the centre of the shell)

Gaussian surface

Surface charge
density G

[ FIE

Surface charge
density o

Gaussian surface

Ans.
By Gauss Law, r > R (outside)
$EdS =1
€y
z_4q
EpdS=—
= Ed 5
2 ( 1 g
= Edrnr'=—=E= —
& e, r
Similarly, r <R (inside)
E¢dS=—"
€y
As inside the shellg =0 T
. 2 _
S E47R° =0 @ Kq
As R = 0, E=0 | —— 1
o | 72 !
= I
2 |
& |
i I
o |
0 R

Distance (r)—p



36. Two infinitely large plane thin parallel sheets having surface charge densities o, and o, (o, >
o, ) are shown in the figure. Write the magnitudes and directions of the net fields in the

regions marked Il and 111.

|

/
-+
+
G4
+
i |

/
1 +
5
+
+ 02
r
B
__

Ans. (i) Net electric field in region Il = Zi(cr1 —-0,)

&9

Direction of electric field in from sheet A to sheet B.

(i1) Net electric field in region Il = Zi(cr1 +0,)

&9

Direction is away from the two sheets i.e. towards right side.

37. 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.
(i) 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?
Ans. Here, A=6x10°m’,d=3mm=3x103m

(i) Capacitance, C =

&A _ 8.85x10 ¥ x6x107

d

3x10°3

=17.7x10?F

(ii) Charge, Q = CV=17.7x10? x100C =17.7x10°C

(iii) New charge, Q’ = KQ = =6x17.7x10™°C =106.2x10°C

38. In a parallel plate capacitor with air between the plates, each plate has an area of 5 x 107 m?
and the separation between the plates is 2.5 mm.
(i) Calculate the capacitance of the capacitor.
(i) 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 2.5 mm thick mica sheet of K = 8 is
inserted between the plates while the voltage supply remains connected?
Ans. Here, A=5x10°m?,d=25mm=25x10"m

(i) Capacitance, C =

g,A _8.85x10™ x5x10~

d

2.5x10°

=17.7x10?F

(ii) Charge, Q = CV=17.7x10"?x100C =17.7x10°C

(iii) New charge, Q’ = KQ = =8x17.7x107°C =141.6x10°C



39. Two equal balls having equal positive charge ‘q’ coulombs are suspended by two insulating

40.

41.

strings of equal length. What would be the effect on the force when a plastic sheet is inserted
between the two?
Ans. Force will decrease.

Reason: Force between two charges each ‘q’ in vacuum is
1 g
FO == —4 Ty
e, T
On inserting a plastic sheet (a dielectric K > 1)
2

Then F = 1 9 l.e. Force F :%

4re, K r?

The force between charged balls will decrease.

A parallel plate capacitor of capacitance C is 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.
Ans. The charge on the capacitor g = CV and initial energy stored in the capacitor

(a) If another uncharged capacitor is connected in series then the same amount of the charge will
transfer as shown in figure.

Deduce the expression for the torque acting on a dipole of dipole moment p in the presence of

a uniform electric field E .
Ans. Expression for torque

»

— / 0 :
An electric dipole having charges * ¢, and of size 2a is placed in uniform electric field E as shown
in figure. The forces, acting on the charges are +q E and -q E .

The net force on the dipole is F =+qE + (-qE ) =0
Both forces provides an equivalent torque with magnitude
t =| gE | x Perpendicular distance (AC)
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43.

44,

q| E|.2asin@
|P||E|sing
The direction of the torque can be given by 7 = px E

Consider two hollow concentric spheres, S; and S, , enclosing charges 2Q and 4Q respectively
as shown in the figure. (i) Find out the ratio of the electric flux through them. (ii) How will the
electric flux through the sphere S; change if a medium of dielectric constant “¢,  is introduced

in the space inside S; in place of air? Deduce the necessary expression.

4Q

S
S1
Ans. Using Gauss’s Theorem gSE& _aMm
&o
Electric flux through sphere S; = ¢, = 2(9)
&o
Electric flux through sphere S; = ¢ = (20+4Q) _6Q
&o €o
2Q
Ratio = LY =% 1
¢ 6Q 3
€9
If a medium of dielectric constant K(=¢, ) is filled in the sphere S;, electric flux through
sphere, ¢', = Q _2Q
& Kg

“For any charge configuration, equipotential surface through a point is normal to the electric
field.” Justify.

Ans. The work done in moving a charge from one point to another on an equipotential surface is
zero. If electric field is not normal to the equipotential surface, it would have non-zero component
along the surface. In that case work would be done in moving a charge on an equipotential surface.

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 Nm. Calculate the potential energy of the
dipole, if it has charge +8 nC.

Ans. Torque, t = pE sin g

4/3 = pE sin 60°

NE

43 = pE><7:> pE =8
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47.

Now, potential energy, U = -pE cos§ =-8cos 60°=-8" % =-4]

Given a uniform electric field E =5 x 10° i N/C, find the flux of this field through a square of
10 cm on a side whose plane is parallel to the y-z plane. What would be the flux through the
same square if the plane makes a 30° angle with the x-axis?

Ans. Here, E =5x 10° i N/C, i.e. field is along positive direction of x-axis.
Surface area, A=10cmx 10cm=0.10m x 0.10 m = 10 m-

(i) When plane parallel to y - z plane, the normal to plane is along x axis. Hence
6 =0°
¢ = EAcos® =5 x 10% x 10%cos0° = 50NC'm?

(if) When the plane makes a 30° angle with the x-axis, the normal to its plane makes 60° angle with
x-axis. Hence

6 =60°

¢ = EAcos® =5 x10%x 107 cos 60° = 25 NC™'m?

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 abcda.
+ + + + + + +

a o b

Ans. Work done in moving a charge g fromatob =0

Work done in moving a charge g fromctod =0

This is because the electric field is perpendicular to the displacement.
Now, work done from b to ¢ = - work done fromd to a

Therefore, total work done in moving a charge g over a closed loop = 0.

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

Ans. When a capacitor is charged by a battery, work is done by the charging battery at the
expense of its chemical energy. This work is stored in the capacitor in the form of electrostatic
potential energy.

Consider a capacitor of capacitance C. Initial charge on capacitor is zero. Initial potential difference
between capacitor plates = zero. Let a charge Q be given to it in small steps. When charge is given to
capacitor, the potential difference between its plates increases. Let at any instant when charge on

capacitor be g, the potential difference between its plates V :%

Now work done in giving an additional infinitesimal charge dqg to capacitor
dwW =Vdq =V =%dq

The total work done in giving charge from 0 to Q will be equal to the sum of all such
infinitesimal works, which may be obtained by integration. Therefore total work
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Q

Q Q 2 2 2

W:J'quzj‘ﬂdqzi 9] _1 Q——O _
0 , C Cl| 2 0 C{ 2 2C

If V is the final potential difference between capacitor plates, then Q =CV

2
= ﬂ - ECV 2 _ EQV
2C 2 2
This work is stored as electrostatic potential energy of capacitor i.e.,
. . Q> 1., 1
Electrostatic potential energy, U =—=—==-CV*==QV
p ay ¢ 2 > Q

Energy density: Consider a parallel plate capacitor consisting of plates, each of area A,
separated by a distance d. If space between the plates is filled with a medium of dielectric
constant K, then

Keg, A

Capacitance of capacitor, C =

If o is the surface charge density of plates, then electric field strength between the plates
(o}
E=
Ke,

Charge on each plate of capacitor Q = o A= Kg,EA

2 2
Q _(KeEA 1 Ke,E*Ad
2C 2( KgOA] 2

d

But Ad = volume of space between capacitor plates

=0 =Kg,E

.. Energy stored by capacitor, U =

. Energy stored, U :%KgoEzAd

. . 1
Electrostatic Energy stored per unit volume, u, = Aid =5 Ke,E?

This is expression for electrostatic energy density in medium of dielectric constant K.

In air or free space (K = 1), therefore energy density, u, = %gOE2

Two charged spherical conductors of radii R; and R, when connected by a conducting wire
acquire charges q; and g respectively. Find the ratio of their surface charge densities in terms
of their radii.
Ans. When two charged spherical conductors are connected by a conducting wire, they acquire the
same potential.

kg, _ kg,
R R
% _ % _4_R

Rl R2 q2 RZ
Hence, the ratio of surface charge densities
0,

2 2
O _ 4rR, _ %R,
o, % Q2R12

47R)?

Derive the expression for the capacitance of a parallel plate capacitor having plate area A and

plate separation d.
Ans.




Surface FBILE
charge density o I /

+ + 4+ + 4+ + + + + + + + 4

=

Surface
charge density - ¢

In the region between the plates the net electric field is equal to the sum of the electric fields due to
the two charged plates. Thus, the net electric field is given by
E-°,9_9
2e, 2¢, &,
The electric field is constant in the region between the plates. Therefore, the potential
difference between the plates will be

IT

vogd=24
2
Now, capacitance C = Q_Q&
V. ad
Surface charge density o =% , where A is the area of cross-section of the plates.
_Q&A_&A
Qd d

o, R, R12 R,

. 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 E, = 10 is introduced between the plates, without disconnecting the d.c. source.

Explain, using suitable expressions, how the

(i) capacitance,

(i) electric field and

(iii) energy density of the capacitor change.

:ﬁ_RiXRzz_Rz

Ans.

i) C= kgo‘l)A = ZKZOA = 2kC, = 2x10C,
2

—C=20C,

(i) As battery remains connected so, potential difference
V remains same across the capacitor.



(iii) Initial energy density = %go E,’

Final energy density :%SOEZ

:%gO(ZEO)2 = 4><%30E02

or Final energy density = 4 Initial energy density.

. Derive the expression for the electric potential at any point along the axial line of an electric
dipole ?

Ans. Electric Potential due to an electric dipole at axial point. Consider an electric dipole AB, having
charges — g and + g at points A and B respectively. The separation between the charges is 2I.

— (r+|) ———»
; «—(r-)—»

Electric dipole moment, p =q.2l, directed from - q to + g.
Consider a point P on the axis of dipole at a distance r from
mid-point O of dipole.

The distance of point P from charge + q is BP =r — |

The distance of point P from charge - q is AP =r + |

Let V; and V; be the potentials at P due to charges + g and - q respectively. Then
V, = L 9 and Vv, = 1 =9
Are, (r—1) Are, (r+1)

.. Resultant potential at P due to dipole

VZSVALVANSE S B —
Are, (r—=1)  Ame, (r+1)

oy @ { 11 } q {(Hl)—(r—l)}
ey | (r=1) (r+1)| 4dmg,| (r=D(r+l)
SV N
4rg, (r* —1%)
As g . 2| = p (dipole moment)
__1 p
dme, (r2-1%)
If point P is far away from the dipole, then r > >I
=t P

4rg, 1




