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2.1 Line Integral of Electric Field

— —
if a unit positive charge is displaced by dl in an electric field cf intensity E , work dene is
‘given by

— —

dW = E 4l

Line integration of this equation gives the work done in displacing a u
from F to G as

Q _, _
w=J'£a|
p

This work depends only on the initial and finai positions of the un
path fellowed by it. Hence, work done in moving a char '
zera. Thus electric field like gravitational field is a consery

arge and not on the
g 3 ciosed path is equat to
d.

2.2 Electrostatic Potential

The wark done by the electric fieid in movig positive electric charge from an

arbitrarily selected reference point @, which de or cutside the field, to point P is

given by

For the selected reference
and not on the path follo

ralue of Wp depends only on the position of peint P
g from reference point to point P.

Let @ be at infinity.
be zero. The electric
be zero. However, in p

eciiric field at infinite distance due to finite charge distribution will
Bue te an infinitely fong charged plane at infinite distance will not
#te, one cannot have such a charge distribation.

%irectir.m, opposing the eiectric field in bringing a unit positive charge
tien toe any point in the electric field is called the static electric potential

P, oo a_, -
VIF) = +IEZa| and V{Q} = *ffs;
o o0
Q- P _ . P, @
V{QJ*V{P]=+IE'I+IEdI =IE:|I+_|'EI
ol an af Q
ﬂ!_;—r
=*_[£|:u;
P

This equation gives the electric potential of peoint O with respect to point P. #s unit is volt

{ joule / coulomb ) denoted by V and its dimensionai formula is MiL?e a1,
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2.3 Electric Potential Energy and Potential Difference

A stationary electric charge at infinity has no energy { kinetic or potential } assoclated with it.
if a unit positive charge is brought from infinity to an arbitrary point P in the electric field
such that it has nc wvelocity at that point then, the field being conservative, work done on it
is stored with it in the form of potential energy and is called the elecitric pofpimgial of the
point P and is given by i

P, o
V(P) = }‘ EE

o
if the electric charge is of magnitude g instead of unity, then t is called the
potential energy of the charge g at point P and is given by

[+
U{P) = qv(P) = - [ g
[+ n}

The original electric field or the arrangement of the field should remain unaffected
by bringing the electric charge q or the unit r an infinite distance to the point in
the electric field.

erence or the difference in potential energy

Generalty, one needs io calculate the J
o Bbch is given by

ial energy or the potential energy change is associated not
only with the charged® o with the entire charge distribution which gives rise tc the

electric field.

Y
— T
& at any point A having r as s position. .o
o a point charge q placed at the origin of the
stemn is given by o
A K A
a.,., -8, -
2 2 r
r
q
The electric potential at point A as shown in the figure is ¥ X
given by 0

A - -+
ViA) = -iE-dI

Moving in the radial direction from infinity to point A, di = dr r
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A A A A r
V(A) = o | "_“r]:::'gdn} = ek [ = kg [i} - ke
- _rz mri r i r
V(A) = V(r) = 4
47 By 1

The electric potential is positive if g is positive and negative if q is nedgive™ence, for
negative charge negative sign should be used for g in the above equatio

2.5 Elacirlc Potantlal in the Fiald of an Elactric Dipole

iet the two charges «.q and +g be placed at A and B
respectively with a distance 2a between them.

iet P be a point at a distance r from the centre of
this dipole and making an angle 6 with its direction

such that AP =r_ and B =

The electric potential at P is given by

V{r) = 1 9 | 1 4
AW EG r+ 41'EE|]. ra
= q
4117':'-“. r.f
if r>=>a, then re = 1 « Fe = 2acosh

ry small magnitude, this approximation holds good.

pcosf

q
Vir) = = = 2a
(r) 2 4'-18:- 2 (P q)
—t A
— —
As pco . Vir) = L p & {for 1 F{>> 2a})
4MWEy 2
Nije: fq - = and a — & in p=2qa, then the dipole is called a point dipole.

{2) The abowve equation gives the sxact value of the electric potential for a point
dipole and an approximate value for a dipole system other than a point dipole.

{3) For any point along the axis of the dipole, =0 or % and ¥V = 1 P

{4) For a point along the equator of the dipole, 8 = /2 and V = 0.

{5) In the case of a dipole, the electric potential varies as 1/r% and not as 1/r as In
the case of a point charge.
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2.6 Elactrlc Potentlals due to Differant Types of Charge Distrlbutions

28 {a) Discrete Distributlon of Charges:

The point electric charges q%, gz .. g p have
—k  —h —
position vectors rq, T3, ... Iy respectively with

respect to the origin.

The total electric potential at point P having position
—

vector r due to the entire charge distribution is

equal to the algebraic sum of the electric potential

due to esach of the charges of the system and is

given by

v Wy o+ Vo + L+ M

= 1 a1 + A2 + ...+
AT Eg | v — S ——
Ll T r.|| Ilr rzl -
— [ £] kqi
Vir) = %

2.6 {bh) Continuous

A - =
= = dr’ r-r
Let p{r) = wolu hjfge density for continuous
arge bution in some region. P
d1’ &z all dpciume element having position Ty
— - T
eltor, r' r |
potential due to some volume element at 0 y Y
—h
t P having position wvector, r , is given by X
—
1 p{r) dar'
4T E - =
Y

integrating, we get the electric potential at the point # due to entire charge of the system as

- 1

vir) = 4T E
G

—
j- g(r) dy
—f —F
Vilir«rprt
—
For constant charge distribuetion, p( r*} = p can be taken as constant.
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2.6 {c] Uniformly Charged Spherical Shell:

For a spherical shell of radius R carrying charge g on its surface, the electric potential at a
point cutside the shel} at a distance r from its centre can be calculated by treating the entire
charge of the shell as if concentrated at its centre and is given by

-1 =& {rzRY
$§REy £
The electric field inside the sphere is equal to zero. So the electric po iI®be the same

for all points inside the sphericai shell and its wvalue wili be equal
the surface of the shell. Yhus, the electric potential at the surfac
inside will be constant and is given by

{rsR)

e
4ME, R

2.7 Equipotential Surfaces

If the electric potentiai at every point of a
same, then such a surface is called an equi

y surface in an edectric field is the
firface.

As the electric potential at a distance r wpaint charge g is given by

- _1 =
4WEy ¢

all concentric spherical surfdes the charge q at the centre are equipotential surfaces.
The electric intensity

j any point is always perpendicular to the equipotentiai surface
passing through that '

can be proved as under.

—_—
I} %splacement di of a unit positive charge aleng the equipotentiai surface
te to the electric field

ptentiai difference between the two points

0 {as the points are on eguipotential surface )
— —

£} I} cosd = 0, where B is the angle between E and dl.

ce E #0 and &t # 0, cosB = 0

cosd = /2
— — —*
which shows that E and dl are perpendicwidar te each other. As di is tangentiai to the
—
surface of the sphere, £ is perpendicular to the spherical surface which is equipotentiai.
for uniform electric fieid, equipotential surfaces will be planes perpendicular to the electric
field lines.
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2.8 The Relation between Electric Field and Electric Potential

The electric potential difference between two close points P and Q is given by

— —F
d¥ = « E [
s A —_ A A A
f E = Exi and dl = dxi + dyj+ dzk, then
A A L] A
dv = «(Ex i) {dxi + dy| + dzk) SoodV = < Eydx

Similarly, if the eiectric field exists along the Y and Z direct

GV dv

— = -E and — = =-E
dy ¥ dz z

if the eiectric field vector has all the three co %, ¥, Z }, then the reiation belween

the electric potentiat and the electric fieid can

av i
s vBe =
ox y
— A

= u (E P+ E

ox oy
ay v ; .

Here e E and partial derivatives of V{x,y,z} with respect to x, y and z

7 av

| the electric field exists along the r direction, then = «E;

- dr
ic field is a conservative field and the above equatichs can ondy be used for a
prvative field.

Potential Energy of a System of Charges

Weork done in bringing electric charges from infinity to thelr respective positions in a system
of charges gets stored in the form of electric potentiai energy of the system of charges.

The potential energy of a system of two charges g4 and qp is given as

k
Uy = X9192
712
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If a third charge g3z is introduced in the system, then the potential energy of the system of
three charges will be

U= Uyz + Uyz + Uz

in general, if the system is made up of n electric charges,

n n kg:q

U= ZU; = X =)
imq imq Fij
i<j i<j

29 {a) Potential Energy of an Electric Dipole in a Unifol

The potential energy of an electric dipole AB in a

-
uniform electric field { E ) as shown in the figure is

+
equal to the algebraic sum of the potential energy — HB 3
of the two charges of the dipole. [} : s —s X
1
Taking the efectric potential near the negfft (II > E

charge to be zero, the potential energy of th
will be equal to the potential energy of t
charge.

L

AV = «E Ax =

the potential energy q at point B is

- —F
“Epcosf = - Efp

3 “minimum potentiat energy { as it is more negative | which s also the
" position of the dipole.

" the dipole has maximum potential energy, pE, and is in an unsteady position.

! the electric dipole is perpendicuiar to the field {8 = R /2), the potential energy of
the dipole is zero.

210 Conductors and Elactric Fields

b

conductor in an electric field

When a conducting material is placed in a uniform
efectric field as shown in the figure, free electrons
migrate in a direction opposite to the electric field

and get deposited on one side of the metal surface N
while the positive charge gets deposited on the other 3
side of the conductor. This produces an electric field
inside the conductor and the migration of charges
stops when the internal electric field becomes equal to the external fiefd.

b
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If we draw a Gaussian surface inside the conductor as shown in the figure, then since the
etectric field on it is zero, the net electric charge enclosed by it is also zero.

The important conclusions are:

ki, b, b,
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(1)

At every point on the outer surface of the conductor, the electric field 4
to the sutface. This is so because the electric charge on the suriig
which means that no tangential force acts on it, thus proving tha
the surface has no tangential component. i

Consider another example of a hollow conductor
ptaced in an external electric field.

Hare also, the electric charges deposit on the outer
surfaces and the electric field inside is zero as
there is no charge inside. This phenomenon is
called Electro.static Shielding. When a car is struck
by Hghtning, the person sitting inside is saved frnrn

lightning as the car is hollow and acis
electrostatic shield. '

Electric field inside a charged conductor wh
Consider a Gaussian surface close tn
conductor as shown by broken line jilg
integration of the electric field atorg
being zere, the net electric chagge
zero. This shows that in a chyfgal
charge gets distributed o
conductor.

X ) bkductor, the electric
iter surface of the

As the electric

. tionary, the direction of the
efectric field will baff

cular to the surface of the

conductor as shown ¥

the surface of the conductor as

Nnds = enclosed by the Gaussian surface

L LT = A'ny
flux passing through this surface = AE
By Gauss's law, AE = .Ai R - 9
£ €y

if & is not uniferm along the surface, its proper wvalue at the peint should be used to
calculate value of E at that point.

if a positive electric charge is placed in the cavity of the
conductor as shown in the adjoining figure, it iInduces
charges on the inner and outer surfaces of the conductor in
such a way thatthe fleld will be zerc in the interior portion of
the conductor.
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2.11 Capacitors and Capacitance

When positive electric charge on an isolated conducting sphere shown in figure 1 is graduatly
increased, electric potential on its surface and electric field in its vicinity increase. When the
efectric field becomes strong, it ionizes the surrounding air which causes charge on the
sphere to leak and the charge on the sphere cannot be increased further ggring this
process, the ratio of charge { Q) and the electric potential { V) of the gBherlige
constant. This ratio, G /V, is called itx capacitance { C).

- +
conducting !
sphere + * *

+
+ + * -

non-conducting
gtand

Fig. 1 Fig. 2 Fig. 3

ndunting sphere is brought near

To increase capacitance C of the sphere, anothegh
5 M n earthing, the positive charge gets

it on which charge is induced as shown in
neutralized as shown in figure 3. The negati
_ iM®easing its charge storage capacity. The
ratic & /¥ of the charge on the first ™ d the potential difference between the two
spheres is still constant and is caligiiigd
depends on the dimensions of the 4

meditm between them.

Benductors of arbitrary shape and wvolume, are arranged

The arrangement in which hgd ¥
g Mom each other, is called a capacitor.

close to one another, but se

The conductors are kpmgg plates of the capacitor. Pesitively charged conductor is called
the positive plate anfl Y€ gndfjatively charged conductor the negative plate. Hoth the plates
are equally charged. NfF harge on the positive plate is called the charge { Q) of the

capacitor and taging th®Wfotential difference between the two ptates as V., capacitance of the
capacitor is & L

.. anitance is coulomb /velt which is also called farad { F ) named after the
tchael Faraday. The smaller units of farad are microfarad (p¥ = 1D'5i'-‘] and

i, Paraliel Plate Capacitor

s type of capacitor is made by two metallic plates having identical area and kept parallel
to each other. The distance {d ) between the two plates is kept less as compared to the
dimensions of the plates to minimize non.-uniform efectric field due to the irreguiar distribution
of charges near the edges.

Let O = electric charge on the capacitor

L+

Q /A = surface charge density

As d is very small, the plates can be considered as infinitely charged planes and the electric
field between the plates can therefore be considered uniform.
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The electric fields, Eq and E3z between the plates due to positively charged and negatively
charged plates respectively are equal in magnitude and direction. The direction of both E;q
and E; is from the positively charged plate toc the negatively charged plate.

The resultant electric field between the plates is, therefore,

E = E1+ Ez = g + @ = o = Q [+_-cr=E]
2!& 2!{} £g EuA A

Gutside the plates, £y and E; being oppositely directed canced
each other resulting in zerc electric field in this region.

The potential difference hetween the two plates is

V = Ed = id .. the capacitance of the capacito
£,A Y

2.13 {(a) Series Connection of Capacitors

Cq ':2 Cn
The end to end connection of capacitors as s A
In the figure is called the series nnnnention Q ar — — —
capacitors. i _{ H |‘ ‘I }_
- 4 v, V,
Equal charge Q deposits on each cgffach it the
p.d. between their plates is ing on
the value of s capacitance. e v
| |
v o= Wy # +
a

|
il
+

n
A1 When all capacitors cornected in series are replaced by a
C

singte capaciffie, ct ca%anitanca C such that the charge deposited on it is O with the same
oiyk M such a capacitor is catled their equivalent capacitor.

1 1 1 1
— = — 4+ — 4 + — a
[ Cy Ly Cn 1
+C1-
alue of C is smaller than the smallest of C4, Cp
Q,
A e, B
2.13 (b} Parallel Connection of Capacitors
03

The connection of capacitors in which positive plates of all
capacitors are connected o a single point and negative plates +Csl-
to another single point in a circuit is called paratiel
connection of capacitors as shown in the figure. In such a
connection, charge accumulated on each of the capacitors s V|
different depending on the value of its capacitance, but the | !
p.d. across all is the same.
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o+ Qo + O3 + ...,
{Ce+ Lz + Ca + ...}V

Thus, total charge Q

When ail capacitors connected in paraliel are replaced by a single capacitor of capacitance C
such that the charge deposited on it is O with the same voltage sugpply, then such
a capacitor is called their equivalent capacitor. its value is

C = /¥ = C1+ Ca + C3 + ...

2.14 Energy Stored in a Charged Capacitor

Ug = {electric p.d. between them } = { electric charge
od i
= v e x {3 {taking reference potential on plate as zero }.
o
. Q
Putting o = —,
¢ A
Ug = E d
A 2g,

Putting Q = CV  or

2
2cC 2

Ug =

. a Caplpitr in terms of Energy Density of Electric Field

; pﬁtes of the capacitar
between the plates

2 £q A V2 v 12
1evE g AN 1, (Y
2 Ad 2 d  Ad 2 d

..i_E
-:+d-}

The above eguation gives energy stored in a capacitor in terms of the energy stored in the
electric fieid between the two plates. This is a general result which holds true for an electric
field due to any charge distribution.

2.15 Dielectric Substances and their Polarization

« A non-conducting material is called a dieiectric.
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+ Yhe dielectric doex not possess free electrons like a2 conducting material.

* Intreduction of a dielectric between the two parallet plates of a capacitor considerably
increases the capacitance of a capacitor.

+ Hielectric materials are of two types: {1) Polar and { 2) Non-polar.

+ The atoms of a dielectric {like HCIL H20 } that have permanent dipole mo . a
polar dietectric.

. The atoms of a dielectric { like Hz, 032} that do not have perma moment is

called a non-pofar dielectric.

Elactric Fiald:

The centres of the positive and the negative charges coi P 3
or molecule. 5o it does not have permanent dipole .

non-polar dietectric atom

If such an atom or molecule is placed in a uniform @ 3 E}

field {E] the centres of the positive and _. | : f :
charges get separated due to electric forc tillg & . P . _
opposite directions. This is known as pofari Mfhe atom. L |
if the electric field is net wvery strong, L dipole moment, : X :

A dielectric slab of gatBrial is placed hetween the parallef
plates of a capacitor §§ sjiftwn in the figure. The torque due to + : -
the electric field acting i

Bh atomic dipoles aligns them in the

direction of joe Wlectdc field. tn a solid dielectric material, its
atoms perforlyuglcillatory motion, whereas in liquid or gas
dielectric 4MinfeMals,” they perform linear motion. The dipoles are
in equjlib%yam "hd completely aligned as shown in the figure

— —F

c.tric potential energy, - p [E, equals the thermal

Iﬂ‘ , due to absolute temperature T.

be seen in the figure that the atomic dipoles line up such that the opposite polarity
ate each other canceling each other's effect. The net charge of the system is the charge of
the capacitor plates. The dipoie closer to the positive plate has negative charge lined up
facing it and vice versa. These induced electrical charges are called bound charges.

The electric field between the capacitor plates is

o
g = E—f {t) in the absence of the dielectric medium and is
[H
o o
£ = f b {2) in the presence of the dielectric slab,
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where ¢; is the free { contreilable} surface charge density on the surface of the capacitor
plates and <), is the beund surface charge density on the surface of the diejectric slab. Oy,

is taken negative as the surface charges of the dielectric slab have opposite polarity as
compared to the charges of the capacitor plates.

Beter mining <&

The dipole moment of the dielectric slab having surface area A and length L
Pt l:lt

Pll = UhAL C _ = — = Uh = P,
v

where Py /V is the dipole moment of the dielectric siab per unit voWw® and P is calied the

intensity of polarization.

if the electric field is not very strong, the ratio of F a ic fieid i{s a constant

I
e T 2
This ratic ¥, s called the eiectric suscep the dielectric material and its value

depends on the dielectric material and its

E = ik A * using egauations {1 and {2}]
g €p

E(Bp * Xu) =

E = €0
B0 ' X

E@‘; catied the permittivity of the medium and s value depends on the

material and its temperature. lts unit is € N Tl

the relative permittivity &, and is also called dielectric constant K.

This shows that when a dielectric material having dielectric constant K is placed as a
medium between the capacitor plates, the electric field is reduced by a factor of K and the
capacitance of the capacitor becomes

K A
cr= BEA _ %o
d d

= KC

Thus when a dielectric medium having dielectric constant K is introduced in a capacitor, the
value cf its capacitance increases to K times the criginal capacitance.
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From equation {2}, we have E4E + P = o (v &y = P}

Here, E and P are electric and polarization fields respectively which are hoth vector
quantities.

— — — —i
we can write £, E + £ = 0, where D is called the displacement field. sy

216 Van raf ngrator

The principle of this machine is as under.

A conducting sphere having charge g and radius r is
kept centrally inside a conducling shell having charge

& and radius R {r < R).

The electric potential on the spherical shell of radius
on the surface of the sphere of radius r are respectiv,

vg = @ .k o v =X,

R R R

Hence, the potential difference between thy

kG kq kQ 1
Ve v Vg = — + — « — - —
d R R r R Ft]
The above equation shows : | § tier sphere is at a higher potential as compared to
the large spherical shell. So¥f tia ko are connected through a conductor, then the electric

er sphere to the larger spherical shell. So if charge is
smaller sphere in some way, then it wif accumulate on the
igoPits electric potential to a very large value.

charge will flow from
transferred continuousksslp
larger shell thereby iffrogh

Van.de.Graf use
generate several’

this N to construct a generator known as Van.de-Graf generator to
Rilliog volts of electric potential.

Mure, 2 non-conducting belt is
ogliec pulleys. The lower pulley is +
Lo a motor and the upper one is Metallic
prfepy a spherical shell. Positive electric brush
gk transferred to the belt near the lower
By using a discharge tube and a brush with
AFB§ cdges. The electric charge moves to the
Moer pulley and is deposited on the cuter shell

Pulley

+

Non-
conducting

+ o+ o+ o+ o+ 4o

h a metallic brush. Thus electric potential of heht
the order of 6§ to B million volts is generated on
the outer shell
- Pulley
he highly intense electric field produced in this
device can accelerate electric charges which can Metallic + operated
be used to study the composition of matter at brush = by motor

the microscopic level.



