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ELECTROSTATICS
Cl1  Propertiesof charges:
(0] Two kinds of charges exist in nature, positive and negative with the property that unlike
charges attract each other and like charges repel each other.
(i) Excess of electrons means negative charge and deficiency of charge means positive charge.
(iii) Charge is conserved for an isolated system.
(iv) Charge is quantized i.e. g =+ newheren=1,2,3....ande=1.6 x 10°C
(V) Charge is invariant.
(vi) On charging a neutral body, the mass of the body will change.
Practice Problems :
1 Consider a neutral body A and a charged body B on which —10uC charge exists. From the body B
6.25 x 10*2 electrons are extracted and supplied to the body A. Then
(@) the charge on body A will become —1 pC
(b) the charge on body B will become -9 uC
(©) the mass of body A will increase
(d) the mass of body B will be more than the mass when it is neutral
Answers : [(1) a, b, ¢, d]
C2  Electricfield : Itis a vector quantity. The magnitude of electric field due to a point charge q at the distance

r is given by k_(2:1 . It is defined for a point charge as follows :
r
(a) Due to positive charge P(x,, ¥, 2,)
q
~D Ox,, y1» )
E . kq o —. ~ ~ A
B (OP)2 a:;‘ ’OP N (X2 . Xl)' + (yz _yl).l+ (Zz - Zl)k

|OP |= (%, =X,)? + (Y, = Y,)? +(2,— 2,)°

(b) Due to negative charge
P(X2’ y23 22)

= kg. PO —
E= W: » PO=-0P

P O(x;, ¥1, 2,)

1 ) o . .

Here k = 4— where €, is known as absolute permittivity constant and <, is known as relative

T EE,

permittivity or dielectric constant of the medium. The value of € = 8.85 x 10-** C?/Nm? and
k=9 x 10° Nm%C?

Principle of superposition : The electric field due to a group of charges can be obtained using the
superposition principle. That is, the total electric field equals the vector sum of the electric fields of all the
charges at some point :

E=E, +E,+E,....
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Practice Problems :

1 A positive charge is placed at the origin. The minimum electric field produced at the point (3, 4, 0) isgiven
by
@) 2.6(-3i+4])x10"N/C (b) 2.6(-3i —4j)x10" N /C
© 2.6(3i—4])x10"UN/C @ 2.6(3i +4j)x10"MN/C
2. Five point charges, each of value + g, are placed on five vertices of a regular hexagon of side L meters. The
magnitude of the force on a point charge of value — q placed at the centre of the hexagon is
@ 5kg?#/L? b) 0 (©) kg?/L? d) 3kg?¥/L?
3. (n—1) number of equal charges, each of charge q, are placed at the corners of a regular polygon of side
length a. The net electric field at the centre of the polygon is
4kgsin? * 4kqcos? * 4kqtan? % 4kqcot? %
n n
a _— _— C —_— _—
@ ¥ ®) ¥ © ¥ @ "
4, Two charges of equal values (each has the value q) are placed distance d apart. The maximum value of
electric field on the perpendicular bisector of the line joining them is
16kq 8kqg 4kq 2kq
@ 33242 ®) 33242 © 33242 (@) 33242
[Answers: (1) d (2)c(3)a(4) a]
C3  Electricfield for continuous charge distribution.
Apply the following steps to calculate the electric field at the concerned point due to continuous charge
distribution.
@ Take the differential element and calculate the charge on this element.
For line charge distribution, dgq = Adl, where is the charge per unit length.
For surface charged distribution = cdA, where o is the charge per unit area.
For volume charge distribution dq = pdV, where p is the charge per unit volume.
(b) Calculate the electric field at-the concerned point due to differential element (dE)
(© Take the components of dE , if possible
(d) Integrate with proper limits.
Practice Problem :
1 Find the electric field due to following configuration : (i) due to uniformly charged rod of charged

per unit length A and length L at a distance x from one of the end of the rod along the length of the
rod (ii) due to uniformly charged rod of charged per unit length A and length L at a distance x from
mid-point of the rod along the perpendicular bisector (iii) due to a ring of radius r with uniform
charge distribution Q on the axis at the distance x from the center (iv) due to uniformly charged disc
of radius r with surface charge density o on the axis of the disc at the distance x from the center
(v) due to a long thin wire of uniform linear charge density A at perpendicular bisector at the
distance r from the wire.
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Coulomb Force: F = qOE , Where g is the test charge placed in the external electric field E . Column Force

is central, inverse square and conservative field. Coulamb’s force is valid for distances from 10-** cm to
several kilometers. i.e. up to infinity.

Motion of charged particles in electric field

When a particle of charge g and mass m is placed in an electric field E then the force on the charge particles

N - - - E _
is qE and according to Newton’s second law F = qE = ma = a= % where a isthe accelera-

tion of the particle. If the particle is released from rest in uniform E or projected with certain speed along the
direction of uniform E or opposite to the direction of uniform E then the path is straight line otherwise the

path is parabolic in uniform E.
Practice Problems :

Aliquid drop of mass m and carrying n electrons can be balanced by applying an electric field. The direction
and magnitude of the electric field is

@) upward, mg () downward, me
ne ne

(©) upward, 2mg @ downward, 2mg
ne ne

Which of the following path of a charge particle is possible in uniform electric field ?
@ Straight path ) Parabolic path

(© Circular path d) Hyperbolic path
[Answers: (1) b (2) a, b]

Cé6

Electric Field Lines : A convenient specialized pictorial representation for visualizing electric field patterns
is created by drawing lines showing the direction of the electric field vector at any point. These lines, called
electric field lines, are related to the electric field in-any region of space in the following manner :

° The electric field vector E is tangent to the electric field line at each point.

° The number of electric field lines per unit area through a surface that is
perpendicular to the lines is proportional to the magnitude of the electric field in that region. Thus, E is
large where the field lines are close together and small where they are far apart.

For a positive point charge, the lines are directed radially outward and for a negative point charge, the lines
are directed radially inward. The number of lines that originate from or terminate on a charge is
proportional to the magnitude of the charge.

Practice Problems :

Draw the pattern of electric lines of forces for the following :

(@) positively charged spherical conductor

(b) a negative charge placed at the centre of a spherical conducting shell
(©) a positive charge placed at any point inside a hollow conducting sphere

C7

Electric flux : Electric flux is proportional to the number of electric field lines that penetrate a surface. The

electric flux through a surface is defined by the expression ¢ :JE.dA If E is surface uniform then

b= E K = EA cos O where 0 is the angle that the electric field makes with the normal to the surface.

Einstein Classes, Unit No. 102, 103, Vardhman Ring Road Plaza, Vikas Puri Extn., Outer Ring Road

New Delhi — 110 018, Ph. : 9312629035, 8527112111



PE-5

C8  Gauss’sLaw : Gauss’s Law says that the net electric flux @ through any closed gaussian surface is equal
to the net charge inside the surface divided by < : D, = § E.dA = qi Using Gauss’s law, one can
So
calculate the electric field due to various symmetric charge distributions.
C9  Application of Gauss’s Law to symmetric charge distributions
Gauss’s Law is useful in determining electric fields when the charge distribution has a high degree of
symmetry. The surface should always be chosen to take advantage of the symmetry of the charge
distribution, so that we can remove E from the integral and solve for it. The goal in this type of calculation
is to determine a surface that satisfies one or more of the following conditions :
1 The value of the electric field can be argued by symmetry to be constant over the surface.
2. The dot product can be expressed as a simple algebraic product E dA because E and dA are
parallel.
3. The dot product is zero because E and dA are perpendicular.
4, The field can be argued to be zero everywhere on the surface.
Practice Problems :
1 The electric charge is placed at the centre of a cube of side a. The electric flux through one of its faces
will be
2
@ -3 0 L @ — @ =
6¢ € 4r e, €
2. Electric charge ‘q’ is placed at the corner of cube. The electric flux.through the opposite face of the
cube is
q q q q
(@) 8e, ®  12e © ' 16e, @ 24,
[Answers : (1) a (2) d]
C10 Electric Field due to special type of configuration :
1. A Ring of Charge
++q
+ +
+ + E=0
+ + 1 X
t :: -------- T P E=0 E,=0, EX=4 qu 2312
t K . ng, (R°+Xx%)
+ +
'+
2. At the Centre due to sector of a ring

+
ddd +

,,,, +

—"" +

- +

E P A = sina,, E, = (1-cosa)
x 4dne 4ng,
E 0
y
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3. A Disc of Charge

E =0
(o) X
X P E=0 EX 280|:1_\/X2+R2j|
4, Infinite Sheet of Charge
E, =0
----- TP B0
c .
E, = ——, where o is the surface charge
2¢,
density

5. Infinitely Long Line of Charge

I

I

+

by I E=0

¢

I X P E.#0

+

T

! E,=0E, = ,Where A is the linear charge

) 21E X
density

6. Finite Line of Charge

h A [cosa+cosB], E, =

4me X 4me X |3|n p-sin oc|

=P r<rE=—9 (>R[q=pinRr®
3e, 4me,r 3

p is volume charge density
8. Spherical Conductor (Hollow or Solid)

¥ t+ ¥ t+o
X X
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Practice Problems :

1. Asphere of radius R has a uniform volume charge distribution. At a distance x from its centre, forx< R, the
electric field is directly proportional to
€)) 1/x? ) 1/x (©) X d) X2

2. Consider two non-conducting solid spheres of uniform volume charge distribution with some part overlaped
with each other. One of the sphere has positive charge and another has negative charge but the magnitude
of volume charge density are equal. The electric field in the overlaped part is
@ uniform everywhere
) non-uniform
(© directed from centre to centre of the spheres
d) none

3. Theelectric field inside the cylinderical cavity of a non-conducting uniform volume cylinderical charged
distribution is
@ zeroeverywhere ) uniform everywhere
(© non-uniformeverywhere (o) none

4, Athin tunnel is made along the diameter of uniform spherical volume negative charged distribution of
charged density p. Apositive charge g and mass mis released inside the tunnel. If the charge performes
SHM then the time period of this charge particle is

3me 3me 3me, me,
@ 2m | =% ®) 2m |5 © n,/— @ T
ap 29p 29p 20p
[Answers: (1)c(2)a,c(3)a, b (4)a]

C11 Electric Potential Energy : The electric force caused by any collection of charges at rest is a conservative
force. The work W done by the electric force on a charged particle moving in an electric field can be
represented by a potential-energy functionU :W,  =U.~U,.

C12 Electric Potential Energy of two point charges : The potential energy for two point charges g and q,

. . 1
separated by a distance ris U = 99
dre, T

C13 Electric potential energy of a point charge in the electric field of several charges : The potential energy

for a charge g in the electric field of a collection of charges g, is given by
U= q_o(i +q_2 +£ + j = Lz& where r, is the distance from g, to g,
e\l 1, I drne, 51,
C14 Total potential energy of several charges : The total potential energy U is the sum of the potential ener-
gies of intersection for each pair of charges. We can write thisas U = ﬁ
4n S i<j rij
Practice Problems :
1 Four charges +q, —q, +g and —q are placed at the corners A, B, C and D respectively of a square of

side a. The potential energy of the system is

2 2
@ kL (—4+42) (b) kI (—44+/2)
a 2a
4q? NpYG
i I —k
(© k 3 (d) 2
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2. Anpositive charge g is placed at the centre of the circle of radius r. Another negative charge g,and mass m
is moving with certain speed around this circular path. Then
k
@ the speed of the charged particle is %
. —kqq
) the total energy of the charged particle is or
(© the linear momentum of charged particle is variable
(o) the angular momentum of charged particle about the centre of the circle remains constant
3. Theclosest diganceof approach of an a-particle (released from very large distance) of energy E froma
fixed nucleus of atomic number Z.
kzé kZe? kZe? 4kzé
a — C e
@ = ®) = © @ S
[Answers: (1)a(2)a, b, c,d (3)a]
C15 Energy isan electric field : This energy is stored in the electric field generated by the charges. i.e. in the
space where the electric field exists and it is found that the energy stored in thefield per unit volume is
given by 18052 .
2
Practice Problems :
1 Consider a spherical charged conductor of total charge g and radius r. Then
€)] the energy contained inside the conductor is zero
q2
(b) the total energy stored in the space is -
(©) fraction of the energy stored in the spherical shell of inner radius r and outer radius 2r
is0.5
(d) all the above
2. Consider a spherical uniform volume charged distribution of total charge g and radius r. Then
. SO . kg?
€)] the energy contained inside the sphere is Tor
> . .5
(b) the fraction of energy stored outside the sphere is s
(©) fraction of the energy stored in the spherical shell of inner radius r and outer radius 2r
is0.5
(d) all the above
[Answers : (1) d (2) a, b]
C16 Electrical potential Electric potential, a scalar quantity, is the potential energy per unit charge.

U
Mathematically, Potential, V =— orU = g,V- The unit of potential is volt (V) or J/c.
do

Work done by external source to move a charge (q,) very slowly from initial point to final point in an
electric field W = g (V, - V) where V, is the potential due to charge distribution at pointand V, is the find
potential due to charge distribution at initial point.
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The potential V due to a point charge q at distancer, V = ﬁ
r

Potential due to collection of point charges, V = kz 9 , where r_is the distance of charge g, at the point
i 0

1
where potential will be calculated.
Potential due to continuous charge distribution

For a given continuous charge distribution, define a differential element of charge, find its potential at the
concerned point, and by using the following equation find the potential of all the charge elements,

kd . . . N . N
V= I—q . Carry out integration, using appropriate limits to include the entire charge distribution. Inthe
r

integral be careful about which geometric quantities vary and which are constant.
Electric potential due to special type of charge distribution
A Ring of Charge

+ +
+ +
+ +
+ DTR— s . V= 1 aq
i M P 4ngy R? 4 X
+ +

AN

2
R Q" rv=2 R

T 9 = — 3
p 8ne,R  8mg R Ame,r
Conducting Sphere (Hollow or Solid)
¥ty ¥t +y
X X X X
= Q r<R,V= Q rxR
4ng R 4me,r
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Practice Problems :

1. An a-particle and a proton are accelerated through the same potential difference. The ratio of speed
acquired by the two particles.
(a) 1:42 (b) 1:2 (©) V2:1 (d) 2:1
2. Two point charges +4uC and —6pC are separated by a distance of 20 cm in air. The number of points
on the line joining the two charges at which the electric potential zero
(@) 1 (b) 2 (c) 3 (d) 4
3. The work done to carry a charge particle of +10nC from infinity to the center of the square of side
V2 m, which carries at its four corners charges of +2 nC, + 1nC, -2 nC and -3 nC respectively.
€)] -60 nJ (b) =120 nJ (©) -180 nJ (d) -200 nJ
4, A cube of side b has a charge q at each of its vertices. The potential due to this charge array at the
centre of the cube.is
(a) 4giN3 mep (b) 293 neb (©) g3 neb (d) 6q/V3 ne b
[Answers: (1)a(2)b(3)c(4) a
C20 Relation between electric field and electric potential : Relation between field and potential is given by
b b
dV=—E.dF integrating between points a and b, IdV= V.-V, =—I E.dF where V, and V, are the
a a
= dV.
potentials at a and b. In differential form, we have E= T, r
Practice Problems :
1 Find the electrostatic potential due to :
€)] uniformly charged hollow sphere of radius R inside and outside
(b) spherical conductor of radius R inside and outside
(©) non-conducting sphere of radius R with uniform volume charge distribution inside and
outside
In each case the total charge is g. Also draw the variation of potential with distance in each case.
2. Consider points A, B and C-in a.uniform electrostatic field as shown. Then the potential is minimum
at
—
(@) A (b) B (©) C (d) none
3. In a space the electric potential is changing with distance raccording toV = kr2 The electric field has

the variation with distance as
€)] linear (b) constant (©) parabolic (d) hyperbolic
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The electrostatic potential V is changing with distance r according to the following graph. Then

v

60"
I —r

@ The electric field with distance r remains constant
) The electric field with distance r continuously increasing

(© For some distance the electric field will be constant, for some distance it will be zeroand
then it will become constant

d) The electric field will change its direction

A metal sphere with a charge Q is surrounded by an uncharged concentric thin spherical shell. The
potential difference between them is V. If the shell is now given an additional charge Q, what is the
new potential difference between them ?

€)] \ (b) V/2 (©) Zero (d) 2V
[Answers: (2)c (3)a(4) c,d (5) a]

c21

(@)
(b)
(©)

Equipotential Surface : There is another way to demonstrate the graphical representation of field using
the concept of Equipotential Surfaces. An equipotential surface is three dimensional surfaces on which the
potential has the same value at every point. At a point where a field line crosses an equipotential surface the
two are perpendicular.

Note the following points :
the field is stronger where the equipotential surfacesare closely spaced.
the work done to move a charge on a equipotential surface is zero.

the work done to move a charge g, from one equipotential surface (having potential, (V) to another
equipotential surface (having potential V,) is g, (V,-V,).

Practice Problems :

The figure shows lines of constant potential in‘a region in which an electric field is present. The
values of the potential are written in brackets. Of the points A, B and C, the magnitude of the electric
field is greatest at the point is

(@) A (b) B (©) C (d) equal at all points
[Answers : (1) b]

Cc22

2.

Conductors and insulators : In conductors charges are free to move throughout the volume of such
bodies whereas in case of insulators or dielectrics, the charges remain fixed at the places where they were
initially distributed. Hence charge given to a conductor always resides on its surface.

In conductors electric charges are free to move throughout the volume of such bodies. When there is no net
motion of charge within a conductor, the conductor is in electrostatic equilibrium.

The following are the properties of a conductor in electrostatic equilibrium.
The electric field is zero everywhere inside the conductor (E = 0)
No volume charges exist inside a conductor
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3. The surface of a conductor is an equipotential surface and lines of forces always meet a conducting surface
normally.

Charge density is inversely proportional to radius of curvature.

If there is cavity inside a conductor, the field strength inside the cavity equals zero, whatever is the field
outside the conductor.

c
6. The field intensity near a conducting surface is always E =— where o is the local surface charge
€

density at that point.

7. Redistribution of Charge : If two conductors are brought into contact, the charges from one of them will
flow over to the other until their potentials become equal. The equality of potential implies that charges on

4, _ 9,

each sphere (as shown) is proportional to its radius. i.e., — = R_ For a uniform surface charge density
1 2

. c R
o, the total charge q = 47R%, so the above equation becomes —% = R—2
G, 1

8. Potential of concentric conducting spheres : Superposition Principle :_Let us consider two concentric
spheres of radii r, and r, with uniformly distributed charges g, and q,. Using the principle of superposition,

qul ¥+ kq2 V2 — kql ¥+ kq2

rl r2 , r2 r2

the potential of the small and large sphere may be written as V, =

9. Force acting on a conducting surfae : The force dF acting on a small element of area dS of the conductor
62
where the local charge density is o, is given by dF = 2— ds
€9
Practice Problems :

1 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.

2. Consider two concentric spheres of radii r and 2r with same surface charged density . Find
€)] total charge on each sphere
(b) potential at the common centre
(©) potential at any pointiinside the first sphere
(d) potential of first sphere
(e) potential at any point between the two spheres at the distance r’ from the center
(f potential of outer sphere
(9) potential at any point outside at the distance r’ from the center
3. How the charge can be transferred from one sphere to another sphere completely ?
A spherical conducting shell of inner radius r, and outer radius r, has a charge Q.
@ Acharge qis placed at the centre of the shell. What is the surface charge density on the
inner and outer surface of the shell ?
) Isthe electric field inside a cavity (with no charge) zero, even if the shell is not spherical,

but has any irregular shape ? Explain.

4nkor
rI

[Answers : (1) b/a (2) (a) 4nor?, 16mor?(b) 12nker (¢) 12nkor (d) 12nkor (e) +8rnkor (f) 10nkor

2
© 20 @)@ -o/ar), @+ aidr,)]
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C23 Electric Dipole : An electric dipole is a pair of point charges with equal magnitude and opposite sign
(a positive charge g and a negative charge —q) separated by a distance d. The characteristic of a dipole is its
dipole moment defined as p = qa , the direction is from negative charge to positive charge.

Practice Problems :

1 Electric charges g, g and —2q are placed at the corners of an isoseceles right angle triangle of total
perimeter (2 + V2)I. Equal charges are placed at the corners of largest length. The magnitude of the
electric dipole moment of the system is
(@) ql ()  2ql ©) V3l d)  4ql
[Answers : (1) b]

C24 Electric field due to a dipole
0] Along the Axis : The electric field intensity along the axis always point in the direction of the

. o 2kp
dipole. It magnitude is given by E, = —-.
(i) Along the Bisector : The direction of electric field along the bisector is always opposite to the
_ : kp
dipole moment. Math emetically, E, = iy
C25 Electric potential due to a dipole
. . . . o 2k
0] Along the Axis : The electric potential along the x-axis is given by \/|| =—
X
(i) Along the Bisector : The electric potential along the bisector is always zero.
Practice Problems :

1. A given charge situated at a certain distance from a short electric dipole in the end-on position
experiences a force F.. If the distance of the charge from the dipole is doubled then the force acting
on the charge is F,. Then F /F, equals to
(@) 2 (b) 12 (c) 1/4 (d) 8

2. If E, be the electric field intensity due to a short dipole at a point on the axis and E_be that on the
right bisector at the same distance from the dipole, then
(@) E,=E, (b) - < E,=2E, )  E,=2E, d E,=+2E,

3. A negative charge —g and mass m is released at the certain distance d from a short dipole of dipole
moment p on the axis. Find
€)] initial acceleration (b) speed when the distance will become half

4, A charged particle of charge —q and mass m is projected with certain speed u from a point on the
perpendicular bisector of the dipole of dipole moment p. After certain time it passes through the
point lying on the axis of the dipole at the distance x from the dipole. Find the speed at this moment.

2kgp Jqup \/ 2 2kagp
A () d(2 — (4) U+
[Answers: (1)d ()b (@) @) — 5 () iz @) |4+ 7]

C26 Dipole in an external electric field :

1. The net force experienced by a dipole in an external uniform electric field is zero.

2. When an electric dipole of dipole moment P is placed in an electric field E , the field exertsa torque Tt on

the dipole: T = PxE .
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3 The dipole has a potential energy U associated with its orientation in the field : U = —E).E . This potential

energy is defined to be zero when P is perpendicular to E itis least (U=—pE) when P isaligned with E,
and most (U = pE) when P is directed opposite E. Hencea dipole is in stable equilibrium when P is

aligned with E.

4. The net force on the dipole in the non-uniform field is non-zero and calculated by F = _d_U .

dx

Practice Problems :

1. The potential energy of an electric dipole in a uniform electric field is U. The magnitude of the
torque acting on the dipole due to the field is N. Then

(@) U is minimum and N is zero when the dipole is parallel to the field.

(b) U is zero and N is zero when the dipole is perpendicular to the field.

(c) U is minimum and N is maximum when the dipole is perpendicular to the field
(d) U is minimum and N is zero when the dipole is anti-parallel to the field.

2. A dipole is placed in the field of infinite sheet of uniform charge density. ' Which of the following
guantity must be zero ?

€)] Force (b) Potential Energy
(©) Torque (d) All the above
3. A short dipole is placed along the axis of a circular uniformly charged ring very near to the centre.
Then the force acting on the dipole is
(@) constant
(b) directly proportional to distance of the dipole from centre
(©) Zero
(d) inversely proportional to distance of the dipole from centre

[Answers : (1) a (2) a(3) a]
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