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CHAPTER 2

Electrostatic
a® Learning Objectives :
After reading this chapter you should be able to :
» describe Coulomb’s law and its application
» explain electric field intensity due to various charge distribution
» describe Gauss’s law and concept of Gaussian surface
» describe potential difference and potential gradient
» explain capacitive system and capacitance of different capacitors
» understand electric boundary conditions
» apply method of images
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2.1

o Coulomb’s Law

The Coulomb’s law states that force between the two point charges O, and Q,,

(1) acts along the line joining the two point charges.

(i1) is directly proportional to the product(Q,0, ) of the two charges.
(ii1) is inversely proportional to the square of the distance between them.
Consider two point charges O, and (O, as shown in figure, separated by the distance R.

The charge Q, exerts a force on Q,, while Q, also exerts a force on (), .

(iv)The force acts along the line joining O, and Q,. The force exerted between them is

repulsive if the charges are of same polarity while it is attractive if the charges are of
different polarity.

Mathematically the force F between the charges can be expressed as,

F o QIIQgZ

where, 0,0, = Product of the two charges, R = Distance between the two charges

The Coulomb’s law also states that this force depends on the medium in which the point
charges are located.

F = kQ‘—% where, k = Constant of proportionality = R
R 4me

€ = g,&, = Permittivity of the medium in which charges are located.
s 1 § -
where, ¢, =Permittivity of the free space or vacuum= P 107 =8.854x10"*F/m
n
€, =Relative permittivity or dielectric constant of the medium.

1 1x367

= —=9%10" F/m
4ne, 4mnx1x10

In free space, k=

Hence the Coulomb force in free space is given by,
P 9%x10° x 0,0,
R2
Vector form of Coulomb’s Law : The force exerted between the two point charge has a fixed

direction which is a straight line joining the two charges. Hence the force exerted between the
two charges can be expressed in a vector form.

Consider the two point charges O, and Q, located at the points having position vectors 7 and

7, as shown in the figure.

© Copyright
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GATE ACADEMY® Electrostatic 2.3

Fig. Vector form of Coulomb’s law

Then the force exerted by O, and (, acts along the direction Eu where a,, is unit vector

along R, . Hence the force in the vector form can be expressed as,
1_;’12 — Qle - 512
4dne R,

~ . = Vector
Where a,, = Unit vector along R,, =

Magnitude of vector

. R, nrn-n_n-n
a, =

‘RIZ‘ ‘RIZ‘ |l”2 —7’1|

where, 1312‘ = R, = Distance between the two charges.

Applications :

(1) Find the force between a pair of charges.

(i1) Find the potential at a point due to fixed charge.

(ii1)Find the electric field at a point due to a fixed charge.

(iv)Find the displacement flux density indirectly.

(v) Find the potential and electric field due to any type of charge distribution.
(vi)Find the charge if the force and the electric field are known.

Limitation of Coulomb's Law :

It is difficult to apply the law when charges are of arbitrary shape. Here, the distance, can’t be
determined accurately as the centers of arbitrarily shaped charge bodies can’t be identified
accurately.

Solved Example 1

A system of three electric charges lying in a straight line is in equilibrium. Two of the
charges are positive with magnitudes Q and 20 and are 50 cm apart. Determine the sign,
magnitude and position of the third charge.

Sol. Let Q, be the third charge located at a distance x cm from the first charge. Hence, the three
charges can be shown as in figure below.
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3

2
0, 20
— x —f
f—— 50cm —

Qo—

Force on O due to Q, and 20,

.0 k020

0y ...(0)

Force on O, due to Q and 20,

k’Q3Q_ kQ32Q -0
x’ (50— x)*

...(i)

After solving equation (ii),

k- Q3Q — kQ3 2Q
x’ (50 —x)’

(50-x)* =2x ...(iii)

After solving equation (ii1),

x=20.71

Substitute x = 20.71 in equation (i),

x* %20
Q3 - (50)2
0, =-3.430 Ans.

2.2 " Electric Field Intensity and Electric Flux Density

The electric field intensity (or electric field strength) E is the force per unit charge when
placed in an electric field.

E=—2 i,
4ne R

Salient Features of Electric Field Intensity :

I.

o w

It has unit of Newton/Coulomb or Volts/metre.

2. Itis a vector quantity, which means that it is having both direction and magnitude.
3.
4. TIts magnitude depends on the magnitude of Coulomb's force and the charge on which the

Its direction is the same as that of Coulomb's force.

force is acting.
It depends on the permittivity of the medium.

. It depends on the distance of the charge from another charge which produces Coulomb's

force.

7. It depends on the location of the charges.

8. It originates from a positive charge and terminates on a negative charge.
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2.3

9. Consider a charge (), as shown in the figure. The unit positive charge O, =1C is placed at
a distance R from Q,. Then the force acting on O, due to @, is along the unit vector d, .
As the charge Q, is unit charge, the force exerted on (, is nothing but electric field
intensity E of O, at the point where unit charge is placed.

F =E

Fig. Concept of electric field intensity

sl

_E
0,
Evz Ql 2&R= QR -
4ne R 4ne R

Electric Flux Density :

The flux due to the electric field £ can be calculated by using the general definition of flux
D=¢E ..()
Electric flux y in terms of D,
W:ISD'd§ ...(ii)
The vector field D is called the electric flux density and is measured in coulombs per square

meter. For historical reasons, the electric flux density is also called electric displacement.

Properties of Electric flux density are as follows :

(1) Itis a vector quantity.

(ii) It is inversely proportional to >, where » being the radius of sphere.
(ii1)It is independent of medium.

s Continuous Charge Distribution

Line charge distribution.

1

2. Surface charge distribution.
3. Volume charge distribution.
1

Line charge distribution : In case of line charge distribution, charge is distributed along
the line therefore line charge density exists along the line. If charge is uniformly distributed

along a line then charge density will be constant.

p, + -4 Line charge

dl b=
-
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2.6 Electromagnetic Theory [EC] GATE ACADEMY®

Line charge density is given by,

dQ
A=p, =—=C/
P dl m
dQ=p,dl
0={p,dl
L

2. Surface charge distribution : In case of surface charge distribution charge is distributed
along the surface therefore surface charge density exists along the surface.
If charge is uniformly distributed along the surface, then charge density will be constant.

+H++++++++
++++++++++
+H++++++++
++++++++++
+H+++++++++
+H+++++++++
++++++++++

Ps
Fig. Surface charge distribution

p, = 49 C/m’

ds
p.ds=dQ
0=[p,ds

R -]
0= [ [ pdrdy

x=0y=0

3. Volume charge distribution : In case of volume charge distribution, charge is distributed
along the volume therefore volume charge density exists along the volume.

Fig. Volume charge distribution
If charge is distributed uniformly along the volume then charge density will be constant

p, = 49 C/m’
dv
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dQ=p,dv

0=p,dv

0= XJQ T ]9 p,dxdydz
x=0y=02=0

2.4 " Electric Field Due to Various Charge Distribution

2.4.1 Electric Field Due to Infinite Line Charge Distribution
Consider an infinitely long straight line carrying uniform line charge having density p,C/m.
Let this line lies along z-axis from —oo0 to o and hence called infinite line charge. Let point P
is on y-axis at which electric field intensity is to be determined. The distance of point P from
the origin is ‘7’ as shown in the below figure (a).
=
1
1
P

0.0.)0 G

o0

Fig. (a) Field due to infinite line charge
Consider a small differential length d/ carrying a charge dQ, along the line as shown in the
above figure (a). It is along z-axis hence d/ = dz.

dQ=p, dl=p,dz ...(1)
The co-ordinates of dQ are (0,0,z) while the co-ordinates of point P are (0,7,0). Hence the

distance vector R can be written as,

== ..(i)
2 2
[R| ' +z
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2.8 Electromagnetic Theory [EC] GATE ACADEMY®
- d -
dE=—
4ne,R
dz ra,—za,
= Py 2{ y2 = } ...(111)
4’}t80(\/r2+22) r+z
?
|
O-.
a' Ezz
2
0 — 5y
1\5,
VaV EZI
X K
@ .
|
|
Fig. (b)
Note : For every charge on positive z-axis there is equal charge present on negative z-axis.
Hence the z component of electric field intensities produced by such charges at point P will
cancel each other. Hence effectively there will not be any z component of E at P. This is
shown in above figure (b).
Hence the equation of dE can be written by eliminating @, component,
- dz ra .
dE = Pe T z - ...(1v)
4me, (\/7’2 +z° ) \/” tz
Now by integrating dE over the z-axis from —o0 to o we can obtain total E at point P.
E=[" L
4ne, (r +z )
For the such an integration, use the substitution
z=rtan0 ie. r=
tan O
: dz =rsec’ 0 dO
Here r is not the variable of integration.
Forz=-o, O=tan"'(—w)=—n/2=-90°
Forz=+o, @O=tan"'(0)=+n/2=+90"
— /2
= PL 5T xrsec’ 0d0a,
=2 4, [rz +7° tan’ GJ
P, J-n/z r* sec’ 0d0 3
- 3/2
4me, 72,3 [1 +tan’ 6] '
. Head Office : A/114-115, Smriti Nagar, Bhilai (C.G.), Contact : 9713113156, 9589894176 Www.gateacademy.co.in
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But 1+tan’0 =sec’ 0

Fo P

cos@d@ﬁy

y

J-n/Z sec’0d0 . p, J-n/z

4ne, T2 rsec’ O dmig r o2

P a2 - P A e A N
=—L_[sinB]" a, ——L{sma—mn(?ﬂ a,

E=—Pr G vim (V)

The a, is unit vector along the distance  which is perpendicular distance of point P from the

line charge. Thus in general G, =a, .
Hence the result of £ can be expressed as,

E=-L 4 Vm (VD)
2me,r
where » = Perpendicular distance of point P from the line charge.

a, = Unit vector in the direction of the perpendicular distance of point P from the line

charge.
& Rememlaer’/‘y
Electric field due to finite length wire :
= K
E =22 [cos O, +cosH,]
d
=~ Kp, . .
E =i[sm6] +sin 6, |
d
By
d el(\\\~\ E
/’/’/// E‘
v’

By,
A

— =)

0, B
. Head Office : A/114-115, Smriti Nagar, Bhilai (C.G.), Contact : 9713113156, 9589894176 www.gateacademy.co.in
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2.10 Electromagnetic Theory [EC] GATE ACADEMY®

2.4.2 Electric Field Due to Circular Ring

Assumptions :

(1) The charged circular ring is placed in xy plane with center at origin.
(i1) The point of interest is placed on z-axis at (0, 0, z).

(ii1)) We use cylindrical coordinate system.

-
=

(Cancel out)

V
ds (r,9,0)
X

The differential charge dQ on the circular ring with radius 7 is

dQ=p,dl=p,(rd9) ..(1)
The electric field due to charge dQ is,

dE:d—QdaR ...(ii)

4ne, ‘R‘

Where the vector joining dQ and point P is,
R=(0-r)d, +(¢p-¢)d,+(z—0)a, =—ra, +za,

Then ‘E‘:«/rz +z°

. R -—ra +za,

aRZWZW ... (iii)

Putting equation (i) and (iii) in equation (ii), we get

. do o,dl  —rd +za.
dE= =
4rg, ‘Er o 4me, (”2+22)X Jri+z?
pl(rdq))

=4 2+ 32 (—rar+zaz)
e (7" z )
0

The total electric field is obtained by integration. But in the process due to symmetry
horizontal components of the field (d, ) gets cancelled.

2 p,(Vd¢) (ZZIZ)

o 4me, (r2 +2z° )3/2
where z is the height of the point from the plane of the ring, » is the radius of the ring.

E:jdE:
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This is the expression for E due to circular charged ring at a point on the axis of the ring.
T p,rz
E= 2 21372
2¢g, (r +2z )

2.4.3 Electric Field Due to Circular Disk
As the circular charged sheet is a solid cylinder with zero-height and radius a, the solution
becomes simple if we tackle the problem in cylindrical coordinate system.

a, V/im

Place the sheet charge over the sheet charge over the xy-plane with the observation point P

over the positive z-axis below figure. Let us suppose the radius of the sheet be a and hence the
charge extends to « in all directions. i.e. p — a.

z

©0.0.7) ¢ p

- :

(p.4,0)
da = pdpdd

X

Fig. Electric field intensity due to circular charge disc
The field intensity at (0, ¢ 4) due to differential plane charge at (p,$,0) is

1 d—QR 1 opdpd¢ (ha,—pa,)
4ne, R’ dre, (p°+1°) (p” +h*)"

Since for every dQ over the plane charge, there is another charge dQ on the sheet

dE =

diametrically opposite to it resulting in the cancellation p components. Thus

a

J-J- chpdpdd s chad, -1
4n80 (p” +h*)"? “ 2¢g, (p2+h2)1/2
0
oh| -1 1]
= +—|d

2¢, _(az+hz)1/2 h|~

If the observation is below the sheet then the expression for the field becomes

h -1 1 ~

E=2 T T ()

28, | (a”+h") h |

We can observe that the circular disc becomes an infinite plane sheet if we extend the sheet to
infinity p — a — oo . The field intensity of the disc also becomes that of the infinite plane

sheet.
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2.4.4 Electric Field Due to Infinite Surface Charge Distribution

Consider an infinite sheet of charge having uniform charge density p, C/m* placed in xy plane
as shown in the figure. The point P at which E to be calculated is on z-axis by using
cylindrical co-ordinates. Consider the differential surface area ds carrying a charge dQ. The

normal direction to ds is z direction hence ds normal to z direction is pdpd¢.
Now dQ=pds=p,pdpd¢

Hence, dE = 0 d, = pspdpdcl)a

4ne,R* " 4ng R’

The distance vector R has two components as shown in the figure (b).

1. The radial component p along —d_, i.e. —pd,.

2. The component z along a_, i.e. zd,

&
<

Cancelled
field components

v

_49

d _
_ 4o P ="

Py = ds

z=0
With these two components R can be obtained from the differential area towards point P as,
R=—pd, +zd,
R =(-p)" +(2) =\lp*+2’

. R _—pd,+za,
p =7=7=

Rl o+
JE—_ P.pdpdo | —pd,+zd,
2
4n80(\/p2+22) \/pz"'zz

For infinite sheet in xy plane, p varies from 0 to cowhile ¢ varies from 0 to 2.

As there is symmetry about z-axis from all radial direction, all 4, components of E are going

to cancel each other and net E will not have any radial component.
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Hence while integrating dE there is no need to consider a, component. Though if considered,

after integration procedure, it will get mathematically cancelled.

E:T Tdﬁ:ﬁ p.pdpdd (i)

000 00 4 (p? +27)?
Put p°+z> =u’hence 2pdp =2udu
For p=0, u=zand p=oo, u =
21 o 21 ©
= p, udu - p, du _
= > dbza, = : dd(za
[ [ dbza, H4 “myeEa)

This result is for points above xy-plane. Below the xy-plane, the unit vector changes to —a. .

The generalized form if @, is direction normal to the surface containing charge, the above

result can be expressed as,

E=2G vim ..()
2g,

Where a, =Direction normal to the surface charge

Thus for the point below xy -plane,d, = —a_hence,
T _ ps - 11
E=——-d_V/m ...(11)
2g,
For points below xy -plane.

From equation (i) electric filed intensity at point P, due to surface charge distribution on
infinite plane is independent of distance between point P and infinite plane.

% Remember’c

1. E due to infinite sheet of charge at a point is not dependent on the distance of that point
from the plane containing the charge.

2. The direction of E is perpendicular to the infinite charge plane.

3. The magnitude of E is constant everywhere and given by ‘E ‘ = Zp—‘
€9
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2.14 | Electromagnetic Theory [EC] GATE ACADEMY®

Solved Example 2
A line charge, p, =50 nC/m, is located along the line x =2, y =5, in free space.
(a) Find E at P(1, 3, —4).
(b) If the surface x = 4 contains a uniform surface charge density, p, =18 nC/m, at what

point in the z=0 plane is £, =07?

total

Sol. The line charge density p, =50 nC/m, online x=2, y=5

(a) Due to line charge, the radial distance between the line charge and point P(l, 3, - 4) is

R=\(1-2) +(3-5)" ==} +(=2 =5

7 P, -
E =—*L
: 2n80RaR
R 1-2)a_+(3-5)a. -a.-2a
Where, aR :%:( )ax\/g( )ay — ax\/g ay
N 50X10—9+12 . - B )
Thus E =———(-d,-2d,)=-179.8d,-359.51d, V/m
2ntx8.854%5 7 y

(b) Surface charge density, p, =18 nC/m” at plane x =4.

Let at point (x, y, 0), the E 0

Total —
At point (x, V, O) , the electric field intensity due to line charge only is

P _50><10‘9+12 (x—2)5x+(y—5)57 (x—2)5x+(y—5)”y

X 2 =899.18x

©2mx8854  (x-2) +(y-5) (x—2) +(y-5)
Due to surface charge density the electric field intensity is,
r Ps -
E.=—-a
N 280 n

The unit vector normal to the sheet directed away fromitis a, =—a

X

_ 9412
Eo=Psg - ZIXI0 "o 016954
2¢, 2x8.854
x—=2)a.+(y-5)a
E,om,:899.18><( ) > L )2“” -1016.95a_=0
(-2 +(r-3)
Solving we get y =5m and x=2.88m Ans.

Solved Example 3
The electric flux density is given as D = x’d@,+x’ya.. Find the charge density inside a cube

of side 2 m placed centered at the origin with its sides along the co-ordinate axes.
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Sol. The volume charge density is

- oD
p:V.D:an+ y+aDZ

ox oy 0Oz

p=%(x3)+0+§(x2y) p=3x2

The charge enclosed by the cube is

- [ [ - [ [

0=12[ xidx= 12.% ¥e Ans.

Solved Example 4

The electric flux density is given by D:Mae C/m’*. Find the charge enclosed
r

within the region 1<r<2,0<0<7/2 rad.

Sol. The volume charge density is

I 0 —(D,sin6)
rsin 0 00

p=V.5

since D, and D, are =0.

1 0 [100cos20 .
= sin O
rsin 0 00

r
_ 100 i sin30—sin O
r*sin® 00 2

p= 259 {3c0s30—cos 6}

r°sin®

The charge enclosed in the region is

I I’“ I {3cos30—cos 0} r* sin O drd6d ¢z
177 sin @

0 =2n(50)[dr[ " (3c0s30 - cos ) d0

0= lOOn[sm 30—sin©®

]11/2

—-200nC Ans.

TEST9
1 L)

Q.1 The electrostatic force of repulsion Given : g, =8.854x10"" C*/Nm’
between two o -particles of charges

4.0x10"C each and separated by a
distance of 107'" cm is (C) 144x10*N (D) 3.6x10*N

(A)57.6x10*N  (B) 28.8x10*N
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2.16 Electromagnetic Field Theory [EC] GATE ACADEMY®
Q.2 Point charges of Q,=2nCand Q, =3 Q.4 The plane x=3 has a layer of charge
nC are located at a distance apart. With density 2nC/m’. A line charge of
regard to this situation, which one of density 20 nC/m is located at x=1,
the following statements is not correct ? z=4. The force acting on unit meter
(A)The force on the 3 nC charge is length of the line charge is
repulsive. » »
(B) A charge of — 5 nC placed midway (A) 2x107 x 20107 -
between Q, and O, will experience ame,
g 2x10° x20x10°
(C) The forces Q, and @, are same in (B) aN
1 2 2me,
magnitude.
-9 -9
(D)The forces on O, and Q, will (C) 2x107 x20x10 aN
depend on the medium in which 28,
they are placed. 2%107° x20x10™ .
Q3 A plane electromagnetic wave is (D) e aN
traveling in a highly dissipative ‘
medium in the direction ABC as shown Q.5 A positive charge of O coulombs is
in the figure. The electric field £,, E; located at point A(0, 0, 3) and a
and E, at points A, B and C negative 'charge of @agnitude 0
el lated coulombs is located at point B(0,0, — 3).
respec:;lve y are; related as . The electric field intensity at point C(4,
0, 0) is in the
L d ;L 2 > | (A)Negative x-direction
L blg Elc (B) Negative z-direction
(AVE,E.=E; (B)E,E.=E, (C) Positive x-direction
(C) E,E.=E; (D) E, E,=E; (D)Positive z-direction
2.5 ,” Gauss's Law

Statement : Gauss’s law states that the total electric flux v passing through any closed surface is

equal to the total charge enclosed by that closed surface.

QQIICA = \V
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Proof :
+0 -0
Flux lines directed from '+ve' to '—ve'

According to Gauss law the electric flux is charge,
Unit[Q] =coulomb

Unit[y]=coulomb

Consider a positive charge Q situated at the center of an imaginary sphere of radius r.

Electric flux density is defined as flux per unit surface area,

D= ay C/m?*
ds

p=Y c/m?
s

Fig. Spherical shell
For spherical coordinates the differential surface is

ds=r’sin0d0dda,

r=c

S=4nr’
So, -V >
4nr
p=-—"_g
dnr
= d\V
ds
dy=D.ds
Y= ID ds
s
Since a point charge is situated at center, the flux density,
So H=Lae ;
b "
4nr’
D.ds = Qe"cz a,.[r’sin0d0d$a, |
4y
D.ds =%sineded¢
47
n 2=n Q
y= J.D.d§= j j Zee in@d0d
0=0 g=0 T
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_% _ T 27
= [coso] o]

v =221 2n]

v=0,,
Let p, be the volume charge density, then total charge inside the volume
Q:gSSD-a@ :vadv
By applying divergence theorem,
cﬁsf)-cﬁ = LV~de
Comparing the two volume integrals, we get
p,=V-D

This equation is known as Maxwell’s 1st equation in differential form.

2.6 4" Applications of Gauss's Law
Gauss’s Law finds applications in determining electric field intensity due to commonly known
charge distributions. Gauss’s law can be applied effectively where the charge distribution has a
symmetry.
2.6.1 Electric Field Due to a Point Charge
The field due to point charge Qat the origin is in radial direction i.e. a, (in spherical)
direction. The only component of D is D,.
(i) This field is the function of » only.
(i1) Select a surface which satisfies the conditions of Gaussian surface. The Gaussian surface is
a spherical surface centred at origin.
Charge enclosed within gaussian surface :
Since charge Q 1is at the center of the spherical surface, the only charge enclosed by the
Gaussian surface is the charge Qi.e.
Qenclosed = Q .. (1)
Flux through the closed surface : The field D has only D. Component in d, direction and
ds for sphere is also in same direction (d5 =7*sin0d0d¢a,).
- D-ds =D, ds
The flux through the closed surface is given by,
y=¢D+ds =D, ds=D, § ds=D, (4nr") ...(ii)
From equation (i) and (ii), and using Gauss’s law, total flux through the closed surface =
charge enclosed
ie. D (4nr’)=Q =D, = Qz
4rr
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The field intensity is given by,

- D -
E=—= O ~d, V/m
e 4dmner
2.6.2 Electric Field Due to Infinite Line Charge Distribution
(1) Consider an infinite line charge of density p, C/m lying along z-axis from —oo to +oo.

(i1) Consider the Gaussian surface as the right circular cylinder with z-axis as its axis and
radius 7 as shown in the figure. The length of the cylinder is L.

Gaussian
surface

[
7

~
DPOPODPDDDDDD
m

S

ds

\ >y
D

Fig. Right circular cylinder with infinite line charge
(iii)The flux density at any point on the surface is directed radially outwards i.e. in the a,

\ 7

.

X

<

direction according to cylindrical co-ordinate system.
(iv)Consider only differential surface area dS as shown which is a radial distance r from the
line charge. The direction normal to dS'is a,.

(v) As the line charge is along z-axis, there cannot be any component of D in z direction. So D
has only radial component.

From Gauss’s law, O = (JSD -dS
N

Q:qSD-d§+§[>D-d§+ SB D-dS
side top bottom

D= D a. has only radial component.

dS =rd¢dza, normal to @, direction.

D-dS=D,rd¢dz(d,-d,)=D,rdddz [+ (@ -a =1)]
Now D, is constant over the side surface.

(vi)As D has radial component and no component along d_ and —d_ hence integrations over
top and bottom surfaces is zero.
$D-dS= ¢ D-dS=0

top bottom
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0= 43 D-dS =§> D, rdddz

side side
L 2mn
2n
0= I J. D rdodz=rD, [Z]g [(I)]O
z=0 ¢=0
Q=2nrD.L
0
" 2wl
D=D,, = Q a,
2mrL
We know that,% =p,C/m
D="r i cm?
2mr
E= D__p d.V/im
g, 2mg,r

2.6.3 Electric Field Due to Infinite Sheet of Charge

(i) Consider the infinite sheet of charge of uniform charge density p,C/m’, lying in the z = 0
plane i.e. xy plane as shown in the figure.

(i1) Consider a rectangular box as a Gaussian surface which is cut by the sheet of charge to
give dS'=dx dy.

z

e dl]

z=0 plane : /

Gaussian

surface l

D
Fig. Infinite sheet of charge

(iii) D acts normal to the plane i.e. G, = d@_and —d, = —a, direction.
Hence D = 0in x and y directions.
(iv) The charge enclosed can be written as,
Q:jb-dﬁ: j D-d§+j D-dS + j D-dS
N sides top bottom

I D-dS = 0because D has no component in x and y directions

sides

D=D_a_ for top surface, dS = dxdy a.

Head Office : A/114-115, Smriti Nagar, Bhilai (C.G.), Contact : 9713113156, 9589894176 www.gateacademy.co.in
Branch Office : Raipur (9 : 79743-90037, Bhopal € : 83198-88401 www. flacebook.com/gateacademy

© Copyright




GATE ACADEMY® Electrostatic 2.21

D-dS=D.dxdy(a.-a.)=D,dxdy

D=D,_(-a_) for bottom surface, dS = dx dy(-a.)
D-dS=D_dxdy(d.-a. )=D.dxdy
O= [ D.dxdy+ | D.dxdy

top bottom

I dxdy = I dxdy = A = Area of surface

top bottom
0=2D.A
Q=p, x4 as p, =Surface charge density
pS = 2Dz
D, = Ps
2
D=D.d =G cm’
2
- D -
E=2=P5G vim
80 80
2.7 4" Electric Field Intensity Due to Conducting Sphere
Consider an imaginary spherical shell of radius ‘a’. The charge is uniformly distributed over
its surface with a density pg C/m’. We have to find E at a point P located at a distance » from
the centre such that » > a and r < a, using Gauss's law.
Spherical T T
shell . )
Gaussian
surface
Fig. (a) Spherical shell of charge
Case 1 : Point P outside the shell (r > a)
Consider a point P at a distance 7 from the origin such that » > a. The Gaussian surface passing
through point P is a concentric sphere of radius . Due to spherical Gaussian surface, the flux
lines are directed radially outwards and are normal to the surface. Hence electric flux density
D is also directed radially outwards at point P and has component only in & direction.
Consider a differential surface area at P normal to @, direction hence dS =r’sin0d0d¢ in
spherical system.
dy=D-dS=[D,a,]:[ r*sin0d0d¢a, |
=D r*sin0d0d¢
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y =D, sin0d0d = D,r’ zj j sin0d0dd
N

$=0 6=0

y =D,r*[-cosb]’ [(1)]37c =4mr’D,

v =0 ... Gauss’s law
Q=4mr’D,
D = 0 >
4nr
D=D,i, =—=53d,C/m’
4mr
_ D
E=—= 0 ~a, V/im ...(1)
g, 4mne,r

Thus, for » > a the field E is inversely proportional to the square of the distance from the
origin.
If the surface charge density is p,C/m” then

O =p, x Surface area of shell

0 =px 4na®
From equation (i),
FoPstna L psa L
dre g’

Case 2 : Point P is on the shell (7 = a)

Spherical ©

shell \

Gaussian
surface

On the shell, r=a

The Gaussian surface is same as the shell itself and £ can be obtained by putting » = a in the
equation (i),

F=—2 d, V/m
4ne,a
Case 3 : Point P inside the shell (r < a)
The Gaussian surface, passing through the point P is again a spherical surface with radius r <
a. But it can be seen in figure (b) that the entire charge is on the surface and no charge is
enclosed by the spherical shell. And when the Gaussian surface is such that no charge is
enclosed, irrespective of any charges present outside, the total charge enclosed is zero.
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Spherical ©

shell \

Gaussian
surface

w:Q:jD-dE:O
N

But, [ds = 2j j' ¥ sin0d0dd = 4mr?
S $=0 06=0

Thus J.dg =0
N

Hence to satisfy that total charge enclosed is zero, inside the spherical shell.

Note : Electric flux density and electric field at any point inside a spherical shell is zero.

Plot of E against r :

The variation of E against the radial distance » measured from the origin is shown in the
figure(c).

‘E‘inV/m r E
A
r<a E=0
0 |.......

dnea’ 7 o .
r=a | £ =i 2

r>a TESOCI

» 7 —

0 r-a r> a E = Q 2 ar

dne,r

Fig. (¢)

o Electric Field Intensity Due to Non-conducting Sphere

Consider a sphere of radius ‘a’ with a uniform charge density of p, C/m>. Let us find £ at a

point P located at a radial distance » from centre of the sphere such that » <4 and r > a, using

Gauss's law. The sphere is shown in the figure (a).
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- ~ o

Charged
sphere

Gaussian
surface

Fig. (a) Uniformly charged sphere

Case 1: The point P is outside the sphere (r > a)
The Gaussian surface passing through point P is a spherical surface of radius . The flux lines
and D are directed radii outwards along d, direction. The difference area dS is considered at

point P which is normal to a, direction.
dS =r*sin0d0dda.
Differential flux,
dy=D-dS=Da, r’sin0d0dda,

=D r*sin0d0d¢
- N 2n ¢
Net flux, y=0=[D-dS= [ [ Dr*sin0d0d¢
s $=0 6=0

= D,r*[-cosB] [(I)]zn =D.r*4n

Electric Flux density,
5.0

" 4t

In vector form,

D= Q?iLCkﬁ

2

4nr
Electric field intensity,
b ) .
E=—= 0 ~a, V/m ..()
g, 4mne,r

The total charge enclosed can be obtained as,

Q=Jvipva’v=2JZE ]E j.per sin0drd0dd =p{%3}a [—cos@]:[(l)]én

$=0 6=0 r=0 0
4 5
=—mnap, C
3P
4 5
R —Ta pv a3p
E=3 a=2P g ...(ii)

2 r 2 7r
4ner 3g,r
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From equation (i) and (i1), we get
5=4P.g
3

Case 2 : The point P on the sphere (r = a)
The Gaussian surface is same as the surface of the charged sphere. Hence results can be

obtained directly substituting » = a in the equation (i1),

3e,a° | 3, |
Electric Flux density,
D=¢,E= P4 a,

Case 3 : The point P is inside the sphere (r < a)
The Gaussian surface is a spherical surface of radius » where » < a. Consider differential

surface area dS as shown in the figure (b).

Gaussian r
surface
D = D/ 4’)’
Charged
sphere
Fig. (b)
dS and D are directed radially outwards.
D=D.d. while dS =rsin0d0dda,
dy=D-dS =D,r*sin0d0d¢ [+ d-a =1]
2 mw
Net flux, y=0=[D-dS= [ [ D sin0d0d¢ =Dy [~cosO] [¢]," =4nrD,
K $=0 0=0
D = 0 >
4mr
In vector form,
D=—=-a C/m’ ....(iii
4 " (it}

The charge enclosed is by the sphere of radius 7 only and not by the entire sphere. The charge
outside the Gaussian surface will not affect D .

2 m 1
4
O=[pdv=[ [ [p,r'sin0drdodo=—mr'p, where r<a
v $=0 0=0 r=0 3
From equation (iii), we get
4
o Lmrp,
D = 3—26_1;
4nr
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!
Il
[SSHI

p,d, we. 0<r<a

E= =—pvr ...... O<r<a

3g,

Variation of E against r :
From the equations and it can be seen that for » > a, the E is inversely proportional to square

B=22
3g,

om |bl

of the distance while for » < a it is directly proportional to the distance r. At r =a,

depends on the radius of the charged sphere.
For r > a, the graph of ‘E‘ against 7 is parabolic while for » < a it is a straight line as shown in

the figure (c).
‘E‘in V/m
A
patl
380 a}p
/ 3g,r’
Py ]
3g, : r>a
: > r
0 r=a

Fig. (¢) : The graph of ‘l-)‘ against r is exactly similar in nature as ‘E‘ against r

Solved Example 5

: = (10) ;. : .
Given that D:[?j)ﬁ @, C/m’, evaluate both sides of the divergence theorem for the

volume of a cube 2 m on the edge, centred at the origin and with edges parallel to the axis.

. = (10 _
Sol. Given: D= ( 3 jx a,=Da_
The divergence theorem is given by,
Cj}ﬁ-dEzHV-[))dv
LHS : $D-ds
Since the closed surface is formed by six surfaces,
@Dds—demdeijdﬂ [ D-ds+ | D-ds+ [ D-ds
Front Back Top Bottom Left Right
Because the cube is centered at the origin, the front face is at x = 1 and back face is at x = — 1
(Remember side of the cube is 2m). Similarly, left side is at y = — 1, right side at y = 1. Also
top side at z = 1 while bottom side at z =— 1.
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For these surfaces,

ds for Front face = dydza_ (x = constant =+ 1)
ds for Back face = dydz (—sz) (x = constant =—1)
ds for Top face = dxdy(a.) (z = constant = + 1)
ds for Bottom face = dxdy(—a.) (z = constant =— 1)

ds for Left face = dx dz(—ﬁy) (y = constant =— 1)
ds for Right face = dxdz(ﬁy) (y =constant =+ 1)

Since D is having only D, term,

[ D-ds= | D-ds=|D-ds= [ D-ds=0 (a, d,=a,-a.=0)

y x z
Top Bottom Left Right
$D-ds= | D-ds+ [ D-ds
s Front Back

Now, solve each integral on the right of above equation separately,
11 11
= - _ 10 3 - - 10 3 R . -
FrJ;mD-ds —J‘l_[(?x axj-dyafza)C = {[?x dy dz ( s a.-a —1)
_10 40

J- D-ds = 3 (1) [y]l_1 [z]l_lz?C (for front face x = 1)

Front

i Dcr:”(? axj-dydz(—ﬁx)

Back -1-1

D-ds :—?(—1)3 [v]. =], (for back face x = — 1)
Back
D-d§=@c
Back 3
@D-dg:ﬂ+ﬂ=@c ie. LHS=0 ¢
33 3 3

To find RHS : j(vf))dv

Divergence in Cartesian coordinate system is given by,
- oD, oD, oD. oD

x 2 .. — —
VD= =10x (+ D,=D.=0)
1
j(v.f))dwjH(mf)dxdydz:lo{x—;} [y]l_l[z]l_lz%C
v —1-1-1 -1

LHS =RHS
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Solved Example 6

A vector field is given by A(p, ¢,z)=30e’p a,—2za_ verify divergence theorem for the

volume enclosed by p=2, z=0 and z=35.

Sol.

Given : A(p,¢,z)=30e"a,-2za,

Given volume represents cylinder as shown in the figure (a). The divergence theorem for 4 is,

§i-ds=[(v-A)dv
To find LHS :
Since the closed surface consists of three surface

@Aar jAds+jAcr+ j A-ds

Top Bottom Cylindrical

X
For these surface differential areas are

ds for top surface =pdp dd)(ﬁz )
ds for bottom surface = pdpdd(—a.)
ds for cylindrical surface = pdddz (67 )

Solving each integral separately,
21 2

(Forz=5)
(For z=0)
(For p=2)

IA ds—jj 30e d,—2zad ) pdpdd(a,)=0

Top

Top 0

| ,?1~d§=2ﬁ (30e*a, 224, )-pdpdd(—d,)=0
Bottom 00

j ;1~d§—j‘2f(306_pa -2zd ) pdddza,
Cylin. 00

[ 2-d§:30e2-2de¢dz
Cylin. 00

212 2
jA -ds = —2x5”pdpd¢ —10{92} [0]," =—40n=-125.66 C (Since z=5)

(Since z=0)

(Since r=2)
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[ A-ds=60e”[¢])"[] =600e” n=255.10 C

Cylin.

o LHS=-125.66+255.10=129.44 C
To find RHS : I(V-Zl)dv

Divergence in cylindrical coordinate system is given by,
- 04
V-A= li( A4)+— 104 +%
p Op pop Oz

Here, the first term is calculated as,

—P
li( 4 )___( -30 *P) __O{p(_l)e_p +e® 1} =-30e " + 30e
pop po p o

0
The second terms is, 18—4’ =0 (Since 4, =0)
p

A, O
: =2 (227)==2
82( z)

y4

The third term is,

30e”
p

RHS = [(V-A)dv =

v

V-A=-30e" + -2

2n

0
52m 2

[(v-A)av=] [ [ (-30pe™+30e™ ~2p) dpdidz

(-30e™®+30e"p ' —2)pdpdddz

o!—.u.
S Gy N

[(v-4)av=[o]"[=]; {j( 30pe™ +30e™ 2p)dp}

. o 0P 2 - 2 p2 2
I(V-A)dv=10n{3o{p-—lj1~—1dpl+{3o—ll2{71}
V-A)dv=10m(60e —4)=129.44 C
J(v-4)

LHS RHS
Hence divergence theorem is verified.

Solved Example 7
A volume charge density inside a sphere is p=10e"C/m’. Find the total charge enclosed
within the sphere. Also find the electric flux density on the surface of the sphere.

Sol. Given: p=10e”"C/m’

The total charge enclosed is given by,
_ _ 2n pm 2 5 . _ 2n o, 2 20r 2
Q—L pdv = ¢:0.[e:0.[r:0p »” sin Odr dOd _jo d¢j0 s,medej0 10e 1> dr
Q= 40nrr2e’z°’dr _Am _ m Ans.
0 4000 100
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Since the distribution of charge is spherically symmetric, the electric flux density is also
uniform on the surface of the sphere. By Gauss’s law, the total electric flux from the surface of

a sphere is Q.
4nr*D =0
= 9 _m0 ¢ si0tome? Ans.
4nr 4n(2)
TEST9
2 e
Q.1  The following point charges are located charges on the inner and outer surfaces
in air : of the outermost sphere will be
+0.008 uCat (0,0)m respectively (in coulombs)
+0.05uCat(3,0)m
—-0.009pnCat(0,4) m
The total electric flux over a sphere of 5 "
m radius with centre (0,0) is
(A) 0.058uC (B) 0.049uC
(C) 0.029uC (D) 0.016uC
Q.2 The Veftor statement of Gauss’s law is (A) 0,4 (B) 3,1
(A)CﬁD'd“:deV (C) -3,7 (D) -2,6
Vv N
2 15 P Q.5 The net flux of electric field emanating
(B) .I[ aa= gSSp v from the surface 'S' with location of
point charges as shown in the given
[ 2
(C) pD-da=[p*dv figure is
S 14
(D)gSD-da:jpdv *0,
S 14
Q.3 Given that the electric flux density 8
D =zp(cos’ §)a, C/m>. The charge °0, 0
T
density at point (1,—,3} is
4 (A) Ql + Q2
(A)3 (B)1 €
(C) 0.5 (D) 0.5a, (B) 0+0,+0:;+0,+0;
Q.4 Three concentric conducting spherical %o
surfaces of radii R, R: and R3 (©) 0, +0,+ 0
(R, <R, <R;)carry charges of-1,-2 €
and 4 coulombs respectively. The (D) gy(Q, +0,)
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2.9 " Potential Difference and Absolute Potential

Potential difference is defined as amount of work done in moving unit positive charge from

one finite distance to another finite distance.

Absolute potential or potential is defined as amount of work done in moving unit positive

charge from oo to finite distance.

Absolute potential is an absolute value of potential difference where initial or reference point is

placed at oo and another point is placed at finite distance.
Potential difference is defined as work done per unit charge.
dq

— —

dwW =F,

applied ’

Under equilibrium

F pplied = _qE

a]

F;pplied ' di = _qE ' di

dW =—qE-dl

_aw
dgq

V:—jE-di

dv =—E-dl

2.10 ,* Potential Due to Various Charge Distributions

2.10.1 ¥V due to Line Charge Distribution
The differential charge on line is dQ =p, d/

The voltage at point P due to charge dQ is,

dV = dQ _ p,dl
4ne, R 4negy R

The total voltage due to line charge is, V, = Id V
l

dl
ie. v, = 1 J.pl
drne, s R

!

p/
Fig. (a) To find
V due to line

© Copyright
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2.10.2 V due to Surface Charge distribution
The differential charge is, dQ =p, ds

The voltage due to surface change is,
dV = a9 _ pds
4ne, R 4me R G~ R

The total voltage due to surface charge, V, = Id V

Fig. (b) To find V'
1 p,ds due to surface
4me, J: R
2.10.3 V due to Volume Charge Distribution
If the volume charge density is p, then the differential charge is,

1.€. V. =

s

dQ=p,dv
P
R
and dV = 90 ___p.dv Pr 1
4ne, R 4mne R dv
The total voltage due to volume charge, Fig. (¢) To find V
d
v =J-dv eV = 1 J~PV v due to volume
dme, s R

2.10.4 V due to Discrete Charge Point Charge
In this case find voltages due to each charge separately and the total voltage is sum of all. Let
0,,0,,0, be the point charges at R, R,, R, respectively. Then the potential due to them is,

,__ 0 .0 .o (0.0, 0
" 4ne R 4mne, R, 4meg, R, 471:80 R R, R,

This can be extended to any number of charges. If N charges are present,

1
Then, V,= Z 9,
dne, o
2.11 * Potential Difference Due to Infinite Long Line Charge
Consider an infinite line charge along z-axis having uniform line charge density p, C/m.
The point B is at a radial distance 7, while point A is at a radial distance r, from the charge,
as shown in the figure shown below
P—
.‘.
X
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The E due to infinite line charge along z-axis is known and given by

E=P g
2me,

I

While dL =drd,

in cylindrical system in radial direction.

A r
- o~ "t oL
Vip=—| EdL =-|-P=—G ari,
> ? 2meyr
VA _ _ L VA 1
:—J. Pr_gr=—"Pr g P J.—dr
r, 2T, 2mer 2me, 5 7

:—J- Pr_gp= PL g —pL ldr
2me, 2ner 2me, 5 7

"B

Vi zzp—Llnr—BV
ne, 7,

Important note : This is a standard result and may be used to find potential difference
between the points due to infinite line charge. Remember that 7, and 7, are radial distances
in cylindrical co-ordinate system i.e. perpendicular distances from charge, thus do not forget
to find perpendicular distances 7, and 7, while using this result. The result can be used for

any zero reference as potential difference calculation does not depend on the reference.

Solved Example 8
Two point charges —4 nC and 5 puC are located at (2, —1, 3) and (0, 4 -2), respectively. Find

the potential at (1, 0, 1), assuming zero potential at infinity.

Sol. Given: O =-4pC, Q,=5uC

V(r)= 2 + 9, +C,

dre,|F—F|  4me,|F -5

If V() =0, C, =0

77| =], 0, D-(2, -1, 3)|=|(-1, 1, -2)| =6
[F=7| =1, 0, 1) (0, 4, -2)[ =1, =4, 3)| =26
10° [-4 5
Hence, Va, o0,1)= —{—+—}
47c><£ \/E \/%
36w

V1, 0,1)=9x10°(—1.633+0.9806)
V(1,0,1)=-5872 kV
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Solved Example 9

Find the potentials at 7, =4 m and at r, =16 m due to a point charge Q = 900 pC at the

origin and zero reference at infinity. Also find the potential at », with respect to 7;.

Sol. The potential at » distance from origin having charge Q and zero reference at infinity is given

by,
1

1
-1 2 where, € =¢, = free space permittivity = (3—) x10~ F/m

dme r

Potential at , =4 m
v, =2 _9x10°x

v, = % = 2.025 Volts

Potential at , =16 m,

_ 1o
’ 4ne 16
—12
v, _gx10° x200x10° 7
16
8.1

V, = Te =0.50625 Volts

Potential at r, with respect to r, is given by,

o|1 1
Vig = anel - 7
el r, 1,

V.5 =9%10°x900x107" B—i}

16

900x107"

6m

Ans.

Ans.

where 7, =4m, r, =16m

Ans.

4-1
V= 8.1{—} =1.5187 Volts
16
% Remember d
Alternatively,
Vig =V, =V

Vs =2.025-0.50625
V,; =1.518 Volts
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2.12 " Potential Difference and Potential Due to Conducting Sphere of Radius
IR'

Assume that charge is uniformly distributed across the surface of conducting sphere.

Casel: r>R

Electric field intensity due a conducting sphere for » > R is given by,
F-—Y a,

2
4ne,r

Potential difference is given by,

VF,=—TE-ZI

U

v __T ! er_i{—_lr_i L
FI ; 4me, r dne, L r ], 4ng | 1

If =0, V,=0 minimum potential
Special case :
Ifr,=00,r.=R

F

Vi =Ve = 475 R maximum potential
0
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Casell: r<R

Electric field intensity inside the conducting sphere is zero.
E=0
V., =0
Potential difference inside conducting sphere is zero but potential is not zero.
If we take any observation point at inside the sphere of radius ‘R’ then potential of that point is

same as potential of the surface of sphere i.e. 0 and potential difference between two

4me R
points inside the sphere is zero.

r,=R
yo_Q

4ne,R
Vi =V =¥, =0 = Ve =V,

= Q =
4ng,R 7

The above value of potential is constant for all points on the conducting sphere.

2.13 4" Equipotential Surfaces

Any surface or volume over which the electric potential is constant be called an equipotential.
The volume or surface may be that of a material body or simply a surface or volume of space.

v
A

Equipotential
surfaces

E
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In an electric field, there are many points at which the electric potential is same. This is
because, the potential is a scalar quantity which depends on the distance between the point at
which potential is to be obtained and the location of the charge. If the surface is imagined,
joining all such points which are at the same potential, then such a surface is called
equipotential surface. Consider a point charge located at the origin of a sphere, then potential
at a point which is at a radial distance » from the point charge is given by,

No work is done in moving a charge from one point to another along an equipotential line or

surface (V, -V, =0) and hence
[ E.dl =0
L

Lines of force or flux lines (or the direction of E) are always normal to equipotential surfaces.

2.14 " Relationship between Electric Field Intensity E and Electric Potential V
Electric field is defined as,
E=Fa.+Ea +E.a. (1)
Differential potential is defined by,
dV=8—de+a—de+a—de ...(11)
X oy 0z
Differential length is given as,
dl =dxa +dya, +dza, ....(iii)
From equation (i) and (iv),
E-dl =E dx+E dy+E.dz
We know that,
dV =—E-dl
~E-dl =—(E,dx+E dy+E._dz) .(iv)
Compare equation (iv) and (i),
v
ox
»_ g
oy g
vy
0z
From equation (i),
E= —@ax _v; —@az
ox oy B oz
E=-— @ax+@a +@az ..(v)
Ox oy’ oz
V=rf(xy2)
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Potential gradient is given as,

VV:a_Vav_,_a_Vgl +8_Vgiz ..(vi)
ox = 0oy Yooz
From equation (v) and (vi),
E=-VV

Electric field is defined as negative gradient of potential.

% Remember d

1. Electric field intensity is perpendicular to the equipotential surface (a surface on which
potential is constant) and is directed from higher to lower potential i.e. towards the
decreasing value of potential.

2. Maximum rate of change of potential with respect to distance gives the magnitude of
electric field intensity.

The potential difference between the two points 4 and B is independent of the path taken.

Hence, Vi =V 3
ie. Vaa+ Vi =G E-dl =0
cﬁE-di:o ...()

L

This shown that the line integral of E along a closed path as shown in figure must be zero.
Physically, this implies that no net work is done in moving a charge along a closed path in an
electrostatic field.

Equation (i) is referred to as Maxwell’s 2"? equation in integral form.

Applying Stokes theorem to equation (i), we get
@E-di:cﬁ(wﬁ)-dg:o
L N

VxE=0 ...(i)
Any vector field that satisfies equation (i) or (ii) is said to be conservative, or irrotational.

In other words, vectors whose line integral does not depend on the path of integration are
called conservative vectors. Thus an electrostatic field is a conservative field.

Equation (ii) is referred to as Maxwell’s 2" equation in differential form.

Solved Example 10

An infinite number of charges each equal to Q are placed along the x-axisatx =1, x=2,x =
4,x=8......... and so on. Find the potential and electric field at the point x = 0 due to this set
of this set of charges.

Sol. Given : An infinite number of charges each equal to Q are placed along the x-axis atx =1, x =
2, x=4,x=8......... and so on as shown in figure.
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A
1 2 4 8 16
o[ 0 0 0 0 0 .
Resultant potential at the origin,
Vr = 4me ;;
Vng 1+1+1+1+ ...........
4me 2 4 8
v, = Q| a
4re| 1-r
1
Here r=—, a=1
2
= Q . 1 = L Ans.
dne |1 2me
2
Resultant electric field intensity at the origin,
fr = 4me = Z_
E g l+L+L .........
4me 4 16 64
ET = Q 1 = Q >(i
dng| _ 1| 4ne 3
L 4
E. = 2 Ans.
3ne
TEST9
3 e
Q.1 If the potential difference between Q.2  Which one of the following is the
points A(1,0,0) and B(2,0,0) is 10 V, correct statement?
determine d for point C(d,0,0), when Equipotential lines and field lines
Vye 1s 6 V in a uniform field. (Bfers ar?lllel
(B) are anti-parallel
(A)1 m (B)2m (C) are orthogonal
(C)6m (D)5 m (D)bear no definite relationship
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2.15 ,* Electric Field and Electric Potential Due to Dipole

(1) When two equal and opposite charges are separated by finite distance then they contribute
dipole.

(i1) Dipole is directed from negative charge to positive charge, while electric field is directed
from positive charge to negative.

(ii1) A diploe moment is a measurement of the separation of two oppositely charged charges.

P

o |

Potential due to positive charge is,

o 0

= ..
4me,r ®
Potential due to negative charge is,
.. (i)
4ne,r,
rlzr—icow ...(111)
2
r2zr+%cosﬁ (1)

Overall potential at observation point is,

r=V*"+V"
0 0
dmeyr,  4mer,
0 {1 1} 0 1 1
diare B d . d
ane, (n 1 ane, r——cos® r+-—cos0
2 2
d 00— d 0
i 0 r+5cos r+5cos i 0 Jcos 0
4me 2 4me 2
o P’ —[ZICOSGJ o | 2 —(;’cose)
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r>> icos@
2

2
IS SSN (% cos 6)

V= 0 {dcgse}
dre, | r

~ QdcosO

2
4ne,r

Vv

Dipole moment is given by,

p=0d
Dipole moment is a vector quantity.
P4 .
dre,r

p-a, =|p||d,|cos6

p-a . =Qdcos0
Electric field is given by,
E=-VV
- ov._ 10V . 1 orv.
E=——a +——a,+—————aq,
or r 00 rsin® o
Fo_ -20d cc;s@ P 1 Qd(sm29) d,
4ne,r r 4ner
- +{2cos6d, +sin 03, }
4ne,r
& Remember’{
V' {point charge } = 0 = V o 1
TE r
V{Dipole} = Qd cosb cos29 = V oc iz
4dne,r r
. o . 1
E{point charge} = ~d, = Eoc—
g, r
EDipole} =~ 2% _2c0s0d, +5in0G,) = = Eoc
4ne, r
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2.16 4" Electric Current Density

Definition : Current density is defined as amount of current in unit area. Current density is a
vector quantity whereas current is a scalar quantity. It is directed along direction of flow of

current.

|
»

A L

J=Ja
j_d
ds
dl =Jds
1=§J-ds ...()

Differential surface is given by,
ds =dp(pdd)a. +(pdddz)a, +dzdpa,

J-ds =J-a(ds)=Jpdpdd

From equation (i),

I=J]ipa?p2JZt do
0 $=0

2 a
I:J[E—j2n

2 0

2
I:J(E—x2nj

2

I =Jna’® =Jxna’

1

1 )
J= — =———> Cross sectional area
na A

c

J is also referred to as conduction current density according to find theory ohm’s law.
J =cF
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2.17 4* Energy Density in Electrostatic Fields

Total electrostatic energy stored in a medium with volumetric charge density p, is given by,

1 1 .
W, —E.V[(E.D)dV—E'[ g, E>dV

1
Wy :E(Ql N+0,V,+0; V3)
1< .
Wy :_ZQka (1)
2 k=1
From this, we can define electrostatic energy density w, (in J/m’) as
2
dv 2 2 2g,
So, equation (i) may be written as
W, = J. W, dv

Solved Example 11
The potential function ¥ =3x+5y volts exists in free space. Find the stored energy in a

2 m’ volume (spherical) centered at the origin.

Sol. Given: V=3x+5y
Electric field in terms of potential function is given by,
E=-VV

— 0 0
E=—|—@x+5y)a +—0Bx+5y)a

{Gx( y)a, ay( ») y}
E=-3d,-5d,

|E|=79+25=5.8

Energy stored is given by,
1 2
W,=—¢||E| dv

1 107
W.==g(5.8)"%x2=
E 2( ) 36

x(5.8)> =2.97x107" Joules Ans.
n
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2.18 ,* Dielectric Material

Dielectric Material : The conductors have large number of free charges while insulators and
dielectric materials don’t have free charges.

The charges in dielectric are bounded by the finite forces and hence called bounded charges.
As they are bound and not free they can’t contribute to the conduction process but is subjected
to an electric field £ they shift their relative positions against the normal atomic forces. This
shift in the relative position of bound charges allow the dielectric to store the energy.

The shift in positive charges and negative charge are in opposite direction and under the
influence of an applied filed, such charge acts like small electric dipole.

When the dipole results from the displacement of the bound charge the dielectric is said to be
polarized.

When the dipole is formed due to polarization their exits an electric dipole moment P

P=0
Where QO = magnitude of one of the two charges,

d = distance vector from negative to positive charge
Let n = number of dipoles per unit volume

Av =total volume of the dielectric
N = total dipole
N= nAv

Total dipole moment is given by,

P, =0d +0d,...
nAv

Botal = ZQI di
i=1
The polarization, I?) is defined as the total dipole moment per unit volume.

N
ZQI‘ di
ﬁo — i=1
Av

Properties of dielectric Materials :

1. The dielectrics do not contain any free charge but contain bound charges.

2. Bound charges are under the atomic force, hence can’t contribute to the conduction.

3. Due to external electric field the bound charges shift their relative position and electric
dipole gets induced inside the dielectric this is called polarization.
Due to polarization, dielectric can store the energy.

5. Due to polarization, the flux density of the dielectric increase by amount equal to the
polarization.
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6. The induced dipoles produce their own electric field and align in the direction of the
applied electric field.

7. When polarization occurs the volume charge density is formed inside the dielectric while
surface charge density is formed over the surface of the dielectric

Dielectric Strength :

1. The ideal dielectric is non-conducting but practically no dielectric can be ideal.

2. Under large electric field the dielectric becomes conducting due to presence of large
number of free electron this condition of dielectric is called dielectric breakdown.

3. The breakdown depends on the nature of the material, magnitude of applied electric field
and atmospheric conditions, such as temperature, humidity etc.

The minimum value of applied electric field at which the dielectric breakdown is called

dielectric strength of that dielectric.

The dielectric strength is measured in V/m or kV/cm.

Bounded charge is given by,

0, =~ p,-ds ..(0)

P, = polarization vector

Free charge is given by,

0, =¢ D-ds (i)
Total charge is given by,

0, = 95 g E-ds ....(iii)
Total charge = Bound charge + free charge

Or=0,+0,

e E-ds =§D-ds - p,-ds

e pE-ds+§p,-ds=¢ D-ds
gS(gOE+130)-d§=g$ D-ds
D=¢,E+ p,

g8, E =¢,E+ P,

g8, E—¢,E = p,

&(e, ~1)E = B,

SOXEE:ﬁo

%. = Electric susceptibility = ¢, —1

ﬁO = SOXeE
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1 If %x,=0,¢ =1

(ii) 7, > D

D, =0
0,=0
Or =0,
D, %0
0,#0
0r=0,+0;

O, negative O, <0,

2.19 ,* Capacitances for Different Types of Capacitors

Capacitor Structure Capacitance
A
A
(i) Parallel plate Id c=2F
€ d
(i1) Isolated sphere C=4neaF
C— 4 e F

(ii1) Concentric spheres

(iv) Coaxial cable

© Copyright
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2.20 ,* Energy Stored in a Capacitor

It is seen that capacitor can store the electrostatic energy. Consider a parallel plate capacitor C
with supplied voltage equal to V.

Let a, be the direction normal to the plates.

v + 4 3 -
C/_S_E4y7/ -

4
E=—a ..
7% (@)
The energy stored
l ¢ = =
W,=—|D-Edv
: 2VJ(:I
1 - - - = =2
W,==[eE-Edv but £-E =|E|
vol
1 - .
W, == [ e|E[ av but [E| =2
2vol d
1 v
WE=—8—2JdV but J.dv:VolumeZAxd
2 d vol vol
2
WEzlaV‘f“lzlﬂV2
2 d 2d
WEleV2
2

2.21 ,* Conductors

When an external electric field EE is applied, the positive free charges are pushed along the

same direction as the applied field, while the negative free charges move in the opposite
direction. This charge migration takes place very quickly. The free charges do two things.
First, they accumulate in the surface of the conductor and form an induced surface charge.

Second, the induced charges set up an internal induced field El. , which cancels the externally
applied field EE .

A perfect conductor (¢ =o0) cannot contain an electrostatic field within it.

E=0, p,=0, V,=0 inside a conductor.
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= —+ _ ~
; e - | + —’ EG
. i + ) a
E,
4—
- +
- - p,=0 + -
> — )
a + e e
E,
= PEmE - +
HE
3 + - -
; e E— + —’ Ee
(a) (b)

2.22 " Continuity Equation : Conservation of Charge

Statement : According to continuity equation the time rate of decrease of charge within a
given volume must be equal to the net outward current flow through the surface of the volume.

The continuity equation of the current is based on the principle of conservation of charge.
The principle states that, the charges can neither be created nor destroyed. The current through

the closed surface, is given by,

1=£Jd§

According to law of charge, the outward flow of positive charge must be balanced by a

decrease of positive charge within the closed surface.

[:qﬁ Gods =29
s dt

Now, according to divergence theorem,

@fﬁ:ﬁijv

do d _d
Also, —————J. dQ__E Volpvdv

(- dQ=p,dv)

..

..(i)

... (iif)
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Hence, we have

o,
ot

This is the differential or point form of continuity equation.

V-J=—

The equation states that the current or the charge per second, diverging from a small volume
per unit volume is equal to the time rate of decrease of charge per unit volume at every point.

Now from Ohm’s law in point form,

J =cE
v.j=_P
ot
So, V.(cB)=—P>
ot
But D=¢E
\V/ (gj = —op,
€ ot
c ~ —0p
~(V-D)=—v
€ ( ) ot
According to Gauss’s law,
V-D= P,
c _=0p,
€ P = dt

By using variable separation method, solution of differential equation, we get

logp, =241k
€

At t:()ﬂ pv:p09
logp, =K

c
logp, =——t+logp,
€

P o
Po
P, =poe ®
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A pv(t)

p,(0)

0.368p,(0)

Relaxation time : It is defined as the time required for the volume charge density to becomes

36.8% of its original value at time 7 =0.

g
T=—
c

-t

pvzpoet

At t=r1, P, =p,e

p, =0.368p,

.

Q.1 D) 9(e, +¢,+¢,)C
AT 818283
° e s |5 ° Q.2 In a capacitor, the electric charge is
o o stored in
B l (A) Dielectric
The space between the plates of a (B) Metal plates
parallel-plate capacitor of capacitance (C) Dielectric as well as metal plates
C is filled with three dielectric slabs of (D) Neither dielectric nor metal plates
identical size as shown in the figure. If Q.3 A parallel plate capacitor of 100pf
dielectric constants are g, €, and g,, having an air dielectric is charged to 10
the new capacitance is kilovolts. It is then electrically isolated.
c The plates are pulled away from each
(A) 3 other until the distance is ten times
more than before. Estimate the energy
(B) (& +&,+&,)C needed to pull the plates.
3 (A)0.05 Joules  (B)50 Joules
(©) (g, +&, +&;)C (C) 500 Joules (D)~ 50 Joules
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2.23 " Electric Boundary Conditions

When an electric field passes from one medium to other medium, it is important to study the
conditions at the boundary between the two media. The conditions existing at the boundary of
the two media when field passes from one medium to other are called boundary conditions.
Depending upon the nature of the media, there are two situations of the boundary conditions.

(1) Boundary between conductor and free space,
(i) Boundary between two dielectrics with different properties.

For free space is nothing but a dielectric hence the boundary conditions, between conductor
and a dielectric, the Maxwell’s equations for electrostatics are required.

(a) qSE-dizo (b) <_[>D-d§=Q
Similarly the field intensity E is required to be decomposed into two components namely,
tangential to the boundary (Em) and normal to the boundary (E V)
E=E_+E,
Boundary Condition Between two Perfect Dielectrics :

Let us consider the boundary between two perfect dielectrics. One dielectric has permittivity
g, while the other has permittivity €, . The interface is shown in the figure.

The E and D are to be obtained again by resolving each into two components, tangential
to the boundary and normal to the surface.

[Region 1]¢,

E

tanl =

E

tan2

Thus the tangential components of field intensity at the boundary both the dielectrics remain
same i.e., electric field intensity is continuous across the boundary.

The relation between D and E is known as,

D=cE
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Hence if D,,, and D, , are magnitudes of the tangential components of D in dielectric 1 and
2 respectively then,
Dtanl = 8llztaml
and Dtan2 SZEtanZ
Dta.nl i — 8rl
Dy & &,

Thus tangential components of D undergoes some change across the interface hence
tangential D is said to be discontinuous across the boundary.

For normal components :
Dy, =Dy, (p,=0)

The normal component of flux density D is continuous at the boundary between the two
perfect dielectrics.

D, =¢kE,,

D,,=¢E,,

Dy _& Ew _ (as Dy, =Dy,)
D,, &, E,

Evi _8 _%n

The normal components of the electric field intensity E are inversely proportional to the
relative permittivities of the two media.

Boundary Condition Between Conductor and Free Space :

Consider a boundary between conductor and free space. The conductor is ideal having infinite
conductivity. Such conductors are copper, silver etc. having conductivity of the order of 10°
S/m and can be treated ideal. For ideal conductors it is known that,

1. The field intensity inside a conductor is zero and the flux density inside a conductor is
zero.

2. No charge can exist within a conductor. The charge appears on the surface in the form of
surface charge density.

3. The charge density within the conductor is zero.

Thus E, D and p, within the conductor are zero. While p_ is the surface charge density on

the surface of the conductor.
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Free space

o
=

Conductor ©
Gaussian Boundary

surface
E at the boundary :
Let E be the electric field intensity, in the direction shown in the figure making some angle
with the boundary. This £ can be resolved into two components :

1. The component tangential to the surface (E,_).

2. The component normal to the surface (E V).

E. =0
Thus the tangential component of the electric field intensity is zero at the boundary between
conductor and free space.
Thus the E at the boundary between conductor and free space is always in the direction
perpendicular to the boundary.
For free space D =g E

Dtan :80E :O

tan
Thus the tangential component of electric flux density is zero at the boundary between
conductor and free space.

Thus electric flux density of D is also only in the normal direction at the boundary between
the conductor and the free space.

13\, at the boundary :
DN = ps

Thus the flux leaves the surface normally and the normal component of flux density is equal to
the surface charge density.

Dy =g,E, =p,
E, =
€

Thus that as the tangential component of E, i.e. E, =0, the surface of the conductor is an
equipotential surface. The potential difference along any path on the surface of the conductor

is —J.E -dl and as E =FE,_ =0, the potential difference is zero. Thus all points on the

conductor surface are at the same potential.
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Solved Example 12
Just inside the surface of dielectric slab the electric field is 10 V/m and makes an angle of
60° with the surface. If the dielectric constant of the slab is 4, find the electric field in
direction just above the surface.

Sol. The tangential and normal components of the field in medium (1) (dielectric) are
E, =10cos60° =5 V/m

E, =10sin60° =5v3 V/m

From the boundary condition Equation
E =E =5V/mand D, =D, =¢E, =¢,(4E,

E, =4E, =2033V/m
Total electric field above the surface is
E,=,|E. +E.
E, =\(2033)’ +(5v/3)* =35 V/m

Angle which the field makes with the surface is

E
o=tan" [ E"Z ] =tan"' (#J =81.79° Ans.

15}

2.24 ” Poisson’s and Laplace’s Equations

Poisson’s and Laplace’s equation are used for finding the charge and potential at some
boundaries of the region.

Practically charge and potential may be known at some boundaries of the region only, for those
values it is must to obtain potential and £ throughout the region. Such “electrostatics problem
are called boundary value problems.

Using Poisson’s and Laplace’s equation it is easy, if the charge distribution or potential
throughout the region is known. To solve such problems, Poisson’s and Laplace’s equation
must be known.

From the point form the Gauss’s law, Poisson’s equation can be derived,

V-D= P, (- Point form of Gauss’s law) ...(1)
Where, D = Electric flux density
p, = Volume charge density.

Now, relation between electric flux density and electric field intensity for homogenous,
isotropic and linear medium. Thus

D=¢E ...(11)
Substitute the value of D from equation (ii) and (i), we get,
Now, V(SE )=p,
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From the gradient relationship,

E=-VV
V-e(=VV)=p,
—eV-VV =p
v.vy=-Fr
€
Now, V.V=V’
So, vy =P .. (iii)
€

The equation (iii) is called Poisson’s equation.
For certain region, volume charge density is zero (p, =0), which is true for dielectric medium
then the Poisson’s equation,

ViV =0 (- for charge free region)
This is special case of Poisson’s and is called Laplace’s equation. The V> operation is called
the Laplace’s of V.
The expression for V¥ in Cartesian, cylindrical and spherical coordinates system are given

by,
V= g 12/ Z y g v (in Cartesian system)
x> 9y’ 0z
2
vy =] aa [ Z_Vj+iza ZZ/ (in Cylindrical system )
pop P Z
1 YT R
r*or\( or ) r’sin® 00 00 ) r’sin®0 o’

(in Spherical system)

Solved Example 13

An infinite charged conducting plate is placed between and parallel to two infinite
conducting grounded planes as shown. The ratio of charge densities S, and S, on the two

sides of the plate will be

(A) (d, +0)/(d,+1) (B) (d,+1)/(d,+1)
(€) d,/d, (D) d, /d,
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Sol.

T = x=d,+d,+t

S /m*
(1) : /1
+++l+++++++++++++ x=d2+t

U

N

Applying Laplace’s equation, because p, =0 (non-conducting medium between plates).

V¥V =—=0
ox
Integrating twice, we get for region (2),
V,=4,x+B, (1)
V,(x=0)=0 = 4,(0)+B,=0= B,=0 ...(11)
For region (1),
V,=Ax+B, ...(111)

Viix=d,+d,+t)=0

A(d, +d,+t)+B =0 :>t:_73‘—d1—d2

1
Vz(x:dz)le(x:t"'dz)
Ad,+B,=A(t+d,)+B,
From (ii), B, =0

A2d2=Al(_TBl—dl—d2+d2]+Bl

1
A,d, =—Ad, - Ad, + Ad,
44 ...(iv)
dZ Al
From boundary conditions between conductor and free space,
Dnl =S, SOEnl =S5
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1
_8 —_—
0
dx

D, =58, SOEnz =S5,

n

=p, = —€,4, =S, ...(v)

—SO%ZSZ — g4 =S5, ..(vi)
dx
From (iv), (v) and (vi),
A _ S _ d, Ans.
Az _S2 dl

Ratio is independent of .

2.25 ,* Method of Images

Consider a dipole field. The plane exists midway between the two charges, is a zero potential
infinite plane. Such a plane may be represented by very thin conducting plane which is infinite.

The conductor is an equipotential surface at a potential ¥ = 0 and E is only normal to the
surface. Thus if out of dipole, only positive charge is considered above a conducting plane then
fields at all points in upper half of plane are same. In other words, if there is a charge above a
conducting plane then same fields at the points above the plane can be obtained by replacing
conducting plane by equipotential surface and an image of the charge at a symmetrical location
below the plane. Such an image is negative of the original charge.

According to method of image if a charge is placed above a perfect conductor then its
images are itself created below the equipotential surface.

Perfectly +0° \+pL O_p" +0° \+pL O_pV

conducting —» Equipotential

lane surface P
: e

The conditions to be satisfied to apply the method of images are :

1. The image charges must be located in the conducting region.

2. The image charges must be located such that on the conducting surface the potential is zero
or constant.

The first condition is to satisfy the Poisson’s equation while the other to satisfy the boundary
conditions.

If a point charge is placed between two semi-infinite perfectly grounded conducting sheet
placed at an angle 0 degree then number of image charges is given by,

0
N:(%o _IJ'
0
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5

Q.1  The normal components of electric flux
density across a dielectric-dielectric
boundary

(A)are discontinuous.

(B) are continuous.

(C)depend on the magnitude of the
surface charge density.

(D)depend on electric field intensity.

Q.2 Consider the following statements in
connection with boundary relations of
electric field

1. In a single medium electric field is
continuous.

2. The tangential components are the
same on both sides of a boundary
between two dielectrics.

3. The tangential electric field at the
boundary of a dielectric and a
current carrying conductor with
finite conductivity is zero.

4. Normal component of the flux
density is continuous across the
charge-free boundary between two

dielectrics.
Which of these statements is/are
correct?
(A) 1 only (B)1,2and 3
(©)1,2and 4 (D)3 and 4 only
Q3 Two dielectric media with

permittivities 3 and V3 are separated
by a charge-free boundary as shown in
figure. The electric field intensity in

medium 1 at point £ has magnitude £,
and makes an angle o, =60 with the

normal. The direction of the electric
field intensity at point (P, a.,) is

Q4

Q.5

E,

\3E,

2
(C) cos™ L@] (D) 30°

In a multilayer dielectric material on
either side of a boundary

(A) sinl( J (B) 45°

(A) The normal component of electrical
displacement is same.

(B) The normal component of electric
field is same.

(C)The tangential component of
electrical displacement is
necessarily zero.

(D)The tangential component of
electrical field is necessarily zero.

The three values of a one-dimensional
potential in the given figure and
satisfying Laplace’s equation are
related as

[—d—rjle— 2d —]

o, o, %
e
© ¢, =222 ()¢, B2
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a® Important Formulas

1. Coulomb’s law is given by,
Fv _ 1 Q1 Q2

dne, 1’

ap

2 Electric field intensity at a point due to presence of charge Q at distance ‘7’ is given by,

Y

=——=q
2 R
e, r

o

3. Electric field due to an infinite line charge is given by,
E=-P 4
2ne,r

4. Electric field due to an infinite sheet of surface charge is given by,

5. Gauss’s Divergence theorem is given by,
V-D=p,
6. Electric flux density due to uniformly charged sphere is
(i) D=0 (for »<R)

(ii) [)=4Q (for r=R)

2
mr

iy A 0

1) D= for » >R

(iif) Mol (for r>R)

7. Electric flux density due to uniformly charged sphere where Q is a distributed on complete
volume

() D ﬂ%(#j&’ (for 7 <R)

(i) D= 0 a (for r=R)
47

RZ

(iii) D= Q2 a (for r>R)
4nr

8. Scalar potential is related to electric field as
v =—|Ed

or E=-VV
9. Energy density in electrostatic field is given as
_1 2

W= l g, E’dv

10.  Electric Boundary conditions are given as
Elt = E2t

D,y =D, (for surface charge p, =0)
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Numerical

— | Answer
—1| Type Questions

Q.1 A capacitor is made with a polymeric Q.7 A point charge of +10uC placed at a
dielectric having an ¢, of 2.26 and a distance of 5 cm from the centre of a
dielectric breakdown strength of 50 conducing grounded sphere of radius 2
kV/cm. The permittivity of free space is cm is shown in the diagram given
8.85 pF/m. If the rectangular plate of below:
the capacitor have a width of 20 cm and
a length of 40 cm, then the maximum ;:10 ne 5cm > v’%/'
electric charge in (uC) the capacitor is . /

Q.2  Two point charges @, =10puC and _

0, =20pC are placed at coordinates The total induced charge (in pC) on
(1, 1, 0) and (-1,-1,0) respectively. the conducting sphere will be

The total electric flux (in uC) passing Q.8  The displacement flux density at a point
through a plane z =20 will be . on the surface of a perfect conductor is

Q.3  An electrostatic potential is given by Ezz(ax_ﬁaz)c/mz and is pointing
¢:2x\/; volts in the rectangular co- away from the surface. The surface
ordlna}te system. The magnitude of thf% charge density at the point (C/m?) will
electric field at x =1 m, y =1 m is

be
V/m. . . .

Q.4 The ratio of the charges stored by two Q9 A n?n-conduct1ng ring of radius 0'_?0m
metallic spheres raised to the same carrics a total charg'e of 1.11x10 C
potential is 6. The ratio of the surface distributed  non-uniformly on its
area of the sphere is circumference producing an electric

Q.5  In the field of a charge Q at the origin, field E everywhere in space. The value

. 1=0 o —
the potentials at 4 (2, 0, 0) and B (1 /2, of the line integral J —E-di (1=0
0, 0) are V, =15volt and V, =30volt bei Uof th e i
t t t
respectively, the potential at C (1, 0, 0) cing central of the ring) in volt is
will be . —

Q.6 Two small diameter 5 g dielectric balls
can slide freely on a vertical non-
conducting thread. Each ball carries a
negative charge of 2uC. If the lower
ball is restrained from moving, then the
separation between the two balls will be

mm.
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Multiple
? Choice
Questions
Q.1  Two semi-infinite conducting sheets are Q.3 A parallel plate capacitor consisting
placed at right angles to each other as two dielectric materials is shown in the
shown in the figure. A point charge of figure. The mic}dle diel'ectric slab is
+ 0 is placed at a distance of d from placed symmetrically with respect to
both szheets. The net force on the charge the plai[(e):s\}dt
is Q——z, where K 1s given by
4ne, d
€ € €
y 1 2 1 1
d
0 /2 ¥
(] —»
d If the potential difference between one
X of the plates and the nearest surface of
= dielectric interface is 2 Volts, then the
(A)0 ratiog, : €,1s
1~ 1 (A)1:4 B)2:3
(B) =7 i=7J (C)3:2 (D)4 : 1
1. 1. Q.4 A perfectly conducting metal plate is
© —gi -3 Jj placed in x-y plane in a right handed

- 2\/7 - 2J_A
N RN

coordinate system. A charge of
+32n80x/§ columbs is placed at

coordinate (0,0,2). €, is the permittivity

Q.2 (, is the capacitance of a parallel plate of free space. Assume @, G, d. to be
* x> yr Pz
capacitor with air as dielectric (as in unit vectors along x, y and z axis
figure (?))- If, half of t.he entire gap as respectively. At the  coordinate
Sl’.IOWIl m figure (b). s .ﬁlled with ‘a (/2,72 0), the electric field vector E
dielectric of permittivity €,, the (Newton’s/Columb) will be
expression for the modified capacitance Za 32me,\2
iS, Aj Columbs Perfectly conducting
y metal plate
0o
T (ﬁ,ﬁ}/
(0,0,0)
(a) (b)
CO
(A) 7(1 +e,) (B) (G, +¢,) |
c (A) 2424 (B)—2a.
0 ~
©) ) €, (D) Gy(I+¢,) (C) 24 (D)—Z\/Eaz
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Q.5  Ifthe electric field intensity is given by
E = (xii, + yii, + zii,) volt/m

the potential difference between x(2, 0,
0) and y(1, 2, 3) 1s
(A)+ 1 Volt (B)—1 Volt
(C)+5 Volt (D)+ 6 Volt

Q.6 A point of +InC is placed in a space
with permittivity of 8.85x107* F/m as
shown in

figure. The potential

difference V,, between two points P

and Q at distance of 40 mm and 20 mm
respectively from the point charge is

0
S
%Q@
+1nC 0 mm P
(A)0.22 kV (B) —225V
(C) —2.24kV (D) 15kV

Q.7 In a coaxial transmission line (g, =1),

the electric field intensity is given by
E= 1%005(1091‘ —62)d, V/m

The displacement current density is

(A) —l%sin(l 0t — 6z)d, A/m’

(B) %sin(109t—6z)2ip A/m’

(C) —%sin(l 0°t—6z)d, A/m’®
p

(D) —% cos(10°¢ —6z)a, A/m’

Q.8 Two point charges ¢, =2uC and

g, =1uC are placed at distances b = 1
cm and @ = 2 cm from the origin on the
vy and x axes as shown in figure. The
electric field vector at point P(a, b) that

will subtend at angle 0 with the x axis
is

Q.9

Q.10

Q.11

Q.12

y
A
@ P(a,b)
b
> X
0 a q,
(A)tan6=1 (B) tan6 =2
(C)tan6=3 (D) tan6=4

A point charge is located at origin. At
point (a,a ), electric field is El. At
point (— a, a) the electric field is E2
and at a point ( — a, — a) the electric
field is E3. Which one of the following
is correct?

(A)E,-E, =0

(B)|E xE|=0

(C)Both E,-E, =0 and |, x E| =0
(D) Neither E,-E, =0 nor |, x E| =0
A charge ‘Q’ 1s divided between two
point charges. What should be the

values of this charge on the objects so
that the force between them is

maximum ?

Y Y
(A) 3 (B) >
©)(©-2) (D)20

At a point (x, y,z) potential is given by
A+ +27).

The potential difference between points

P(1,0,2)and Q (1, 1,2) s

(A)7V (B)SAV

(CO)9A V (D)9 Vv

There are three charges, which are

given by O =1pC, Q,=2pC and

0O, =3pnC. The field due to each charge

at a point P in free space is
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(@, +2d,-a.), (@, +3d.) and
(2d,—a,) N/C.

The total field at the point P due to all
three charge is given by,

(A)1.6d, +2.2d, +2.5d, N/C
(B)0.3d, +0.2d, +0.2d, N/C
(C) 3d, +2d, +2d, N/C

(D) 0.6, +0.2d, +0.5d, N/C

Q.15

Consider the following statements
regarding field boundary conditions

1. The tangential component of
electric field is continuous across
the  boundary  between two

dielectrics.

2. The tangential component of the
electric field at a dielectric-
conductor boundary is non zero.

Q.13 Two point charges O and —Q are 3. The discontinuity in the normal
located on two opposr[e corners of a component of the flux density at a
square as shown in the figure. If the dielectri duct bound .
potential at the corner A is taken as 1 telectric-conductor boundary '1s
V, then the potential at B, the centre of equal to the surface charge density
the square will be on the conductor.

“Or -4 4. The normal component of the flux-
‘ ' density is continuous across the
B charge-free boundary between two
dielectrics.
c 0 (A)1, 2 and 3 are correct
1 (B) 1, 3 and 4 are correct
A)Zero B) —=V
(A) (B) 2 (C) 1, 2 and 4 are correct
©) 1v (D) J2v (D)3 and 4 are correct

Q.14 A point charge O is located on the Q.16 Consider the following statements : In
surface N f a sphere of radius R as electrostatics, the Equipotential surface
shown in the figure. The average i< defined as th » h
electric field on the surface of the 15 delined as the surtace where
sphere will be 1. Electric field intensity is normal

everywhere.
2. Electric field intensity is tangential
everywhere.
0 3. No work is done in moving a
charge over it.
" 4. No charge is present.
(A) Ingmte1 Of these statements
B —(-n '
(B) 4me, Rz( ) (A)1 alone is correct
0 1 (B) 3 and 4 are correct
© 8ne, F(_n) (C) 1 and 3 are correct
(D) Zero (D) 2 and 4 are correct
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Q.17

E4

The given figure represents the

variation of electric field ‘E’

» Distance ‘7’

(A)Due to a spherical volume charge
Q= Q1 + Qz

(B)Due to two concentric shells of

and 0,

distributed over spheres of radii R,
and R, .
(C)Due to two point charges O, and

charges O uniformly

O, located at any two points ‘7’

(=R and R)).
(D) In a single spherical shell of charges
Q uniformly distributed,

Q:Q1+Qz-

Q.20 Two extensive homogeneous isotropic

Q.21

dielectrics meet on a plane z = 0. For

220, g,=4 and for z<0,¢,,=2. A

uniform electric field exist at z>0 as

E, =5a,-2a,+3a, kV/m. What is the
value of Enz in the region z < 07?

(A) 34, (B) 54, -2,

(©) 6a, (D) a,-a,

A positive charge of 1InC is placed at
(0, 0, 0.2) where all dimensions are in
metres. Consider the x-y plane to be a
The Z

component of the E field at (0, 0, 0.1) is

conducting ground plane.

closest to
(A)899.18 V/m (B)—899.18 V/m
(€)999.09 V/m (D)—999.09 V/m

.22 The region between two concentric

spheres of radii 'a' and 'b' respectively

Q.18 Charge needed within a unit sphere
centred at the origin for producing a (see figure), has volume charge density
potential field, y
6 p=—, where A is a constant and r is
V=———f orr<lis r
%0 the distance from the center. At the
A)12n C B) 60n C
(A)12m (B) 60n center of the spheres is a point charge Q.
(C) —120% C (D) 180 C )
i The value of A4 such that the electric
Q.19 Plane z = 10 m carries surface charge
density 20nC/m’. What is the electric field in the region between spheres will
field at the origin? be constant is :
(A)-10a_ V/m
(B) -18ma. V/m
(C) 72mé. V/m NS
(D) -360ma, V/im
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0

2na’

20
n(a’ —b%)

Q.23 Three concentric metal shells 4, B and

9
2n(b> —a’)

20

2
a

(A) (B)

© (D)

C of respectively radii a,b and

c(a<b<c) have surface charge
densities +c,—c and +c respectively.

The potential of shell B is:

(A) E[bz_cz +a}

€| b
Fa a7
(B)E b —c +a
SL ¢ i

M2 32
(SR A
SL 4 il

M2 42
o2 L,
&L b il

Q.24 A point charge +Q is placed just
outside an imaginary hemispherical
surface of radius R as shown in the

figure. Which of the following
statements 1s/are correct?
+ 0

(A)The electric flux passing through
the curved surface of the

hemisphere is — 1% [1 - L)

el 72

(B) Total flux through the curved and
Q

the flat surfaces is =
80

Q.25

Q.26

(C) The component of the electric field
normal to the surface is constant
over the surface

(D) The circumference of the surface is
an equipotential

An infinitely long thin non-conducting
wire is parallel to the z-axis and carries
a uniform line charge densityA. It
pierces a thin non-conducting spherical
shell of radius R in such a way that the
arc PQ subtends an angle 120° at the

centre O of the spherical shell, as
shown in the figure. The permittivity of
Which of the

following statements is (are) true?

free space 1is ¢g;.

AZ

(A) The electric flux through the shell is
J3RA/ €

(B) The z-component of the electric
filed is zero at all the points on the
surface of the shell

(C) The electric flux through the shell is
V2R /€,

(D) The electric field is normal to the
surface of the shell at all points

Which of the following graphs shows
the variation of electric field £ duetoa
hollow spherical conductor of radius R
as a function of distance from the centre
of the sphere.
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(A) E4 ©) EaA
R ¥ ’
(B) E 4 (D) E A
R X > R r >
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EYourseIf

Q.1

Q.2

Q.3

Q.4

Q.5

Three electrostatic point charges are located in the xy-plane as given below:
+0 at (—%,0}, +0 at (g,oj and —20 at (0, %)

Calculate the coordinate of the point, P, on the y-axis, where the potential due to these charges

is zero. Also, calculate the magnitude of the electric field strength at P.

Two identical conducting spheres 4 and B carry equal charge Q. They are separated by a
distance much large than their diameters. A third identical conducting sphere C carries charge
2Q. Sphere C is first touched to A4, then to B and finally removed. Find electrostatic force

between 4 and B which was originally F.

A parallel plate capacitor has length and width 1 in each and the plate separation is 10 ram,
Find the energy stored in capacitor and the force between the plates if air is filled between the

plates and p.d of 10 kV applied,

An air-insulated parallel-plate capacitor has plate area 76cm’ and spacing 1.2 mm. It is
charges to 900 V and then disconnected from the charging battery. A plexiglass sheet having

g, =3.4 is then inserted to fill the space between the plates. What are (a) the capacitance, (b)

the potential difference between the plates, and (c) the stored energy both before and after the

plexiglass is inserted?

A point charge Q is at the origin of a spherical coordinate system. Find the flux which crosses

the portion of a spherical shell described by o <0 < 3. What is the result if « =0 and B = g

X
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Q.6

Q.7

Q.8

Two homogenous isotropic dielectrics meet on plane z=0. For z>0, ¢, =4 and for z<0,

€,, =3. A uniform electric field E, =54_-2a , +3a. kV/m exists for z>0. Find
(i) E, for z<0
(i1) The angles E, and E, make with the interface

(iii)The energy densities (in J/m’) in both dielectrics
(iv) The energy within a cube of side 2 m centered at (3, 4, —5)

A conducting sphere of radius 1 cm is surrounded by a conducting spherical shell of inner

radius 3 cm and outer radius 4 cm. If the electric field at » =2cm is going outwards with
magnitude 300 V/cm and at » =5cm is also going outwards with magnitude 300 V/cm. What

is the net charge on conducting spherical shell?

Two conducting spheres are far apart. The smaller sphere carries a total charge of Q. The large
sphere has a radius three times that of the smaller sphere and is neutral. After the two spheres

are connected by a conducting wire, find the charges on the smaller and larger spheres.
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s  Answers to Test 1

1. C 2. B 3. B 4. D 5 B
="  Answers to Test 2
1. B 2. D 3. o 4. B 5 A
s  Answers to Test 3
1. D 2. C
="  Answers to Test 4
1. B 2. B 3. A
s  Answers to Test 5
1. D 2. C 3. B 4. D 5 B
- Answers to Numerical Answer Type Questions
1. 8 2. 15 3. 2.23 4. 36 5 10
6. 857 7. 4 8. 4 9. 2
.' Answers to Multiple Choice Questions
1. D 2. A 3. C 4. B 5. C
6. B 7. C 8. B C 10. B
11. A 12. o 13. C 14. C 15. B
16. C 17. D 18. C 19. D 20. C
21. D 22. A 23. D 24. B 25. A B
26. B

- Scan for Detailed solution of Try yourself
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.' Explanation to Numerical Answer Type Questions

Sol.1

Given: A=20x40cm’ =8x107m’
e=g,6, =2.26x8.85x10" F/m

Breakdown strength of the dielectric
=50kV/cm = 5x10° Volts/m

For a distance of separation, d meter ;
maximum voltage that can be applied,

V. =5x10°d Volts

Maximum charge in the capacitor,
Q,=CV , where Cz%

0, =%5x106d =5x10°e4

0, =5x10°x2.26x8.85
x1072 x8x1072C
0, =8uC

Hence, the maximum electric charge in the
capacitor is 8uC .

Sol.2

Tz>0
o o

z=0 < xy plane

10uC 20uC
lz<0

The charges are lying on the xy plane. Hence,

half of the flux will pass through above the
plane (i.e. z > 0) and half will pass through

below the plane(i.e. z<0).

Now total flux = Total charge enclosed
=10pC+20pC =30uC

Total flux passing through infinite plane z = 20

will be %uCzlSpC

Hence, the total electric flux passing through a
plane z=20 is 15uC.

Sol.3

Given : Electrostatic potential,

o= 2x\/; Volts.
Electric field intensity is given by,

E=-V§= {@ax +%ay}

ox

__8(2)6\/;) 8(2x\/;)
ox 0

sl
I

a,+ a,
y

E=-|2 yﬁx+i5y:|

i Jr

Atthe pointx=1m,y=1m
E =2, E =1

E=-|2a,+1d,+0a. ]

Magnitude of electric field intensity is given
by,

|E|=E =2 +1" =45 V/m

Hence, the correct answer is \/g .
Sol.4
For a sphere potential is given by,

_ 0
4ne R

)
4ne,R, 4me R,
O _R_

0, R,
Surface area of sphere = 4nR’
Area, R’

=—L=36
Area, R,

Hence, the ratio of the surface area of the
sphere is 36.
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Sol.5 Sol.7

In general, potential due to Point charge is Capacitance of the sphere is given by,

given by, C=4ne,a

0 c Voltage at the centre of sphere is given by,
= +
4ne R - 0
4ne,r
V,= 4TCSQ 2 +C =15(Given) Where a = radius of sphere ---(1)
0

v.—— 2 L C=30(Given)
1
4ne, [j
2

From equation (i) and (i1)

__ 0 20
4ne,(2) 4ne,

1520 12
8me, 4me,

V,-V,=-15

_ —15x8mg,

=—=40me
Q 1-2) 0
Put the value Q in equation (i) from we get,
y =20 L oys
4rex?2
Then C=10

Hence, the potential at C (1, 0, 0) is 10 V.
Sol.6
From Coloumb’s law, we have

49>
—— _=m
dne,r’ &

Where mg = Gravitational force on mass m

Where r is the separation between the two
balls.

2x107°x2x10°%x9%x10°

2
r

rt=0.7347
r=0.857 m =857 mm

Hence, the separation between the two balls is
857 mm.

=5x107x9.8

r =distance between the centre of
sphere and point charge
Total induces charge on the conducting sphere.

Qind =CV
Qi = 47‘58061—Q
4me,r
10x2
0,, =24 =22 uC = apc
r

Hence, the induces charge on the conducting
sphere is 4uC.

Sol.8

Given : D =2d, —2\/§Ezy D= ‘5

|D| =16 =4
5:4{2@—2\6@} od

4

a}'l :pSa}’l

p, =4C/m’
Hence the surface charge density is 4.
Sol.9
Given : Total charge =1.11x107°C
Radius = 0.5 m

0 - —
j —F-dl =Potential at centre of non-

conducting ring.

9 —10
- 1 X1:9x10 x1.11x10 9 volt
dne, r 0.5

Hence, the potential at centre of non-
conducting ring is 2 volt.
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. Explanations to Multiple Choice Questions

Sol.1
Given : Net force on the charge is
O K .
@
Ame, d* ()

Since there is two semi-infinite conducting
sheet and there are connected to ground we can
apply method of images. Due to image of
charge, the new charges will be created as
shown in the figure.

Ay
©)
Qee—d —e— d —»00
5 PR
: N2
. e
P td '
+Qi-"-' ................... é -0
©) @

Force on (4) due to (1), (2), (3) will be
F

total

=Fy +Fy +Fy
Force on (4) due to (1),

_ — 1 _»
F, = 4Q
TE, (4d )

Force on (4) due to (2),

]:—" = +Q L Ei_y+ ax
® 4ne, 8472 2
Force on (4) due to (3),

s _ 0 1
8o 4ne, 44> %

The net force on charge Q is,

O 1—2\5 L1 2f
total — 47[80d2 8\/5 \/—

...(i)

On comparing equation (i) and (ii), we get
_1- 2[ RE 2f p
2 82
Hence, the correct option is (D).
Sol.2
Let A be the area of the parallel plate capacitor
and d be the distance between the plates.
With air dielectric :

g =1 d
Capacitance,
€,4 .
C,=—"2 (1)
d
With new arrangement,
€, €, d

!

Let C, be the capacitance of half portion with

air as dielectric medium and C, be capacitance

with a dielectric of permittivity €, .

4
€ E
Then, C, = 7

[Aj
0%r| A
d C2=T2

Now, these two capacitances will be in parallel
if voltage is applied between the plates as same
potential difference will be there between both
the capa01tances

. Ti]eda [

lq |Cz

(As area becomes half)

an (As area becomes half)
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Equivalent capacitance is

¢, =C+C,
_ gy N €,€,4
“ o 2d  2d

g, A C
C =2"(+¢e)="(0+¢
2d( ) 2( 2

eq
Using equation (i),
C
Hence, the correct option is (A).
Sol.3

Let A4 = Area of plates
Let C,=C;be capacitance formed with

dielectric having dielectric constant ¢, .
C,, be the equivalent capacitance.
C, be the capacitance formed with dielectric

having dielectric constant ¢, .
¢ C C

—

e——jov—*

+ —_
A dee A
Then C,=C, =022 2255
d d
4
A 2ee,A
And =200t 2o
d d

2

Also, equivalent capacitance = C,,

1 1 1 1 2 1
— =t —t—=—t—
¢ G G G G G

¢ C =G, C,C,,C,all are in series)

We know that, C oc %

Cu _ N
Cl I/eq
— Cl
eq _?
2e08,804 d 1
d(e, +¢g,) 4e,64 5
& 1
2(g,+¢,) 5
= Se, =2¢,+2¢, = 2¢, =3¢,
€ :€,=3:2

Hence, the correct option is (C).
Sol.4

Given: 0= 327[80\/5 C at coordinate (0,0,2).

Z A 32%8()\/5
Columbs
S
004 V—o
" (2,42,0)

A

» X
/e '
(090’_2)-‘
il —32mg,N2

Columbs

Due to charge at (0, 0, 2), and conductor plane
there is an image at (0, 0, -2).

Electric field intensity at any point is given by,
E= ¢ 32 R
4ne R

Electric field intensity due to charge at (0, O,

1 2d d
- = + 2)’
C, 4egd 28,4 0
¢, = 2ot iR
eq 01
d(e, +¢,) 5
_ - - 32me, N2 _ - _
V,, =total voltage = 10 V E = 0 . (\/Eax+ 2d,-2a,)
TV = 2
Vi=V,=2V. 4ne,(2+2+4)
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Electric field intensity due to charge at (0, 0, —
2),

- Q -

E:4 32 2
T, R,

_ —32mg,/2

JoR— e, V2 ~(2d,+2a,+2d.)
4re,(2+2+4)?

z

E=E +E,=0d,+04d,-2d, =-2d
Hence, the correct option is (B).
Sol.5

Given : £ = (xux +yu, +zuz)

Potential difference is given by,

Vy=V.~V,==|E-dl
y

Here, dl = dxii, +dyii, +dzii,

E-dl = xdx+ ydy + zdz

Potential difference between P and Q can be
written as,

9 __ 94
dre,r;  4Ame,r,

V,~V,= g (1_1
dne, \ 1

V,~V, =

:10_9><9><109>{ ! T ! 3}
40x10~  20x10~
_ —10"x9x10’

Volt
P e T T 0x02 0T

Ve, =V, ==225 Volts

Hence, the correct option is (B).
Sol.7

Given: F =20 cos(10°t—6z)d, V/m
p

e =1

r

The displacement current density is given by,
- oD OE
J,=—=¢g,, —
oo o

J, =g, —{%COS(IO% - 62)59}

= 100 . ~
J, =-¢,x10’° ><ﬂsm(109t—6z)ap

3 9 J, =——=sin(10°t - 62)d, A/m’
= —5 + 2 + 3
Hence, the correct option is (C).
Hence, the correct option is (C). Field intensity is given by,
Sol.6 = 1 _
E= ga #
0 4dne, E
‘\v'\\
5 t
+1nC P
40 mm q, P2, 1)
Potential due to a point charge is given by,
1 cm
V= 1 > X
47'587" 2 cm qz
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Field intensity at P due to g, will be

- 2 a,
1= 2
4ne, (2)
Field intensity at P due to g, will be
- 1 a
E, = 2 —=
me, (1)
Fok+E,
P 2 a, 1 ad,

B 4me, 4 4me, 1
E=(0.5G,+d,)K

The electric field vector point P that will
subtend at angle 0 with x axis is

tan0 = 1 =2
0.5
tan0 =2
Hence, the correct option is (B).

Sol.9
The given situation is shown in figure below.

~.——:KQqq‘KQ_ﬁq
E\ -E, {2\/5612 (%"'%)} |:2\/§a2( ax+ay):|

El.Ez 8a* 8a*
i, d, a
E, 153—2\1/?2 1 0
R S R

ExE,=a(-1+1)=0

Hence, the correct option is (C).

Sol.10

Let charge on the objectbe ¢ and Q—¢q .

Force between them F = &_qz)
4ne,d

Where d is the distance between them.

For maximum F , numerator of equation (i) is
maximum. Let ¢(Q—¢q) =.

y should be maximum.

Differentiating w.r.t ‘y’,

Field intensity at any point is given by, dy
R KQ - = Q - 2q
E="%3, dq
o .R _ . Equating to zero (to get maxima of y ), we get
Field intensity at point (a,a) can be written as, 0
. (ad,+ad) KQ . . 0-29=0 = q¢==
El —KQ 3 - \/— 2(ax+ay) . .
(@ +a*)? 2N2a Thus, the charge should be equally distributed
KO between the objects.
E = 2\/—7(&} +ad,) Hence, the correct option is (B).
a
S ) ) ) Sol.11
Field intensity at point (—a,a) can be written . s .,
Given: V=x"+y"+z
as’ . . . . .
) (-ad,+ad) KO . . Electric fl@ld intensity is given by,
E, =KQ W) ~(—d, +a,) E=-VV
2 272 2+ 2a
(@) E——i(x% 2+ z2%)ad
Field intensity at point (—a,—a) can be written  ox Y *
aS, ( B B ) _%(xZ +y2 +Zz)6_iy
- —aa,—aa KQ -
E =KQ = ~(-d, —a,) 5
2, 2\2 2424 -—(x*+y*+z20a
(a+a) Py X Ty Tz)a,
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E=—(2xd,+2yd,+2zad,)
Potential difference is given by,
1 - — 1
Vo =—I0E-dl :J-O[2x+2y+22]dy
2 1
Vop= [ Evdl =| 20y+2| L |42z
0 2 .

x=1,z=2
Vip =V =2+4142(2)=7V

Hence, the correct option is (A).

Sol.12

Given: E =a, +2d,—a,
E,=a, +3a,
E,=2d_—a

The total electric field at any point is equal to
the summation of the electric fields due to the
individual electric charges at that point.

E=E +E,+E,
E=3a,+2d,+2a, N/C

Hence, the correct option is (C).

Plane xyz is perpendicular plane to both —Q
and +Q 1i.e., on xyz plane voltage is constant.

In the problem ABC plane is also
perpendicular to —Q, +Q charges. Therefore

voltage is constant given

V,=1
V,=1V
Hence, the correct option is (C).

Sol.14

If a point charge exists inside a closed surface.
Then total electric flux coming out of closed
surface is charge enclosed.

AN
D

If a point charge is outside of closed surface
flux entering = flux leaving net contribution is
Zero.

Sol.13 Q
Potential difference is given by,
v=—[E-dl , ,
Half of electric flux leaving closed surface,
|d V| = —‘E ‘ ‘dl ‘ cosO half of flux is not entering into closed surface.
_ 9" 5o 9
If =90 D-ds = 5
dV =0 i.e., voltage is constant 0
i.e. , if we move perpendicular to field, voltage = >
. 2x4nr
is constant.
In given problem +Q,-Q are diagonally = 0 5 (—ﬁ )
. 8ne,R
opposite.
_‘Q
X .
I 0
z“_i_
Q Hence, the correct option is (C).
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Sol.15 Sol.18
Refer section 2.23 y 6 rs) ]
Given : V = or »y<Im
Sol.16 ‘.

Properties of equipotential surface :

(1) It tells the direction of the electric field.

(i1) Electric field is always right angle to
the equipotential surface.

(iii) No work is done in moving a test
charge over on equipotential surface.

(iv)  No two equipotential surface intersect
each other.

Hence, the correct option is (C).

Sol.17

R <r<R,

Applying Gauss Law for
Sfj) E-ds = 9
s 80

E-4mr’ :%
80

E — Ql >
4ne,r

Applying Gauss law for r 2 R,,

0

Hence, the correct option is (D).

Electric field intensity is given by,
ov .

F=vr--"4
or
4
E _ _301" c_ir
&

Electric flux density is given by,

300t 4
g,a, =-30r"a,

—

D:SOE:—

)

By Gauss’s law,

Vo =0, = D-ds =300 [ j:o sin0d0dd

v, =—120nC
Hence, the correct option is (C).
Sol.19
Electric field due to surface change density is
given by,
E=Pa
2g,
-9
E=2010 5 _ 360ma
10
2x
36m
Hence, the correct option is (D).
Sol.20

Given: E =5a,—-2d4,+3a_,
A

Medium 2 Medium 1

g, =2 g, =4

Z<0 Z=0 Z2=0

From above figure

a, =a,

E:nI = (El ’ Zin)c_in
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E, ={(sa,—2a,+3d.)a.}a.

n

E, =3a,
From the boundary condition
D, =D,
glEnl = 82En2
E,=2F,
2 2 1
E, =2x3d,
E, =6d,

Hence, the correct option is (C).

Sol.21

Given : Charge = 1 nC at (0, 0, 0.2). Since the
charge is placed above conducting grounded
plane there will be an image charge below the
grounded conducting plane as per method of

image concept.
z

z=0 Conducting
plane grounded
plane
A%
1nC¢(0,0,0.2)
p$(0,0,0.1)
z=0 V=0
plane Equipotential
_1nC4(0,0,-02) surface
Electric field at any point is given by,
-~ 1 OR
E= QT3
4me, ‘ R‘

R = displacement vector between charge to
point of interest.
Electric filed at point P due to point charge
+1nC,

1 1x10°[(0-0)d, +(0-0)d, +(0.1-0.2)d. |
4, (0.1y°

E, =-898.755V/m

3

Electric field point P due to pint charge
—1nC,
_ —-1x107| (0-0)d, +(0—0)a, +(0.1+0.2)d
E2=4igo [( u(;s)})y ( )a. |
E,=-99.86V/m
Total electric field at point P due to both
charges,

E =E +E,

E =-898.755-99.86 =—997.61V/m
Hence, the correct option is (D).

Sol.22
Charge in the shaded region

= j4nr2 é.dr = 275A(r2 — az)

r
Total field at
2
_ ! -%+ L ond 1-<
Adnea r° 4mea r

For field to be independent of 7: 0 = 2nda’

Hence, the correct option is (A).

Sol.23
k(ox4na®) k(ox4nb®) k(ox4mnc)
Vy = - +
b b c
cla
TN
€| b
2 2
VBZE{Q b +c}
€ b

+0

(&

Hence, the correct option is (D).
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Sol.24 AR
Since the charge lies outside the sphere, net
flux passing through the sphere is zero.

q)curvedsurface + (I)disc = O
Option (C) is incorrect

q)curvedsurface = _q)disc 1

= 0 ~ = —~cos’ 0
4ne, (R/cos0)” 4ne,R
E,, . =FEcosO= Q —~cos” 0
4ne R

cosO = R
R*+77
___9
e, (R2+r2)
d)disc:J‘E‘.dZ
N .
= 1{47180 —(R2 . rz) x 27trdr x cos 9]
_0-2n Q-2ﬂ:J~ rdr y R
 4me, J 4ng, ) R+ (R+r)"

0 1
= == | 1-—
q)curved surface 280 \/5

Option (A) is correct
Potential at any point on the circumference of
the flat surface is

1 0 0 o __ 90

4me, \|R? + R* B 4ne, B 4ne, N 4re, (\/ER)

Hence it is equipotential

Option (D) is correct

Which is not constant
Hence, the correct option is (B).
Sol.25

Given : Uniform line charge density is A.

}\’ B
<
o

Using sine formula,
PO R
sin120°  sin30°
PQ R
32 12
PO=R\3

0,.. = P, xlength
Qenc = 7\"\/§R

Gauss’s law is given by,

_%_\@LR

So So

AZ

Hence, the correct option is (A, B).
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Sol.26

Electric field due to a hollow spherical
conductor is governed by following equation

E=0,for r<R

and E= Lz for r >R
4dne,r

i.e., inside the conductor field will be zero and
outside the conductor will vary according to

1
r
o3 630 030 o3
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