‘Electrostatic Potential .
and Capacitance = B

TEXTBOOK Questions

2.1. Two charges 5 x 10® Cand -3 x 10°%C
are located 16 cm apart. At what
point(s) on the line joining the two
charges is the electric potential zero?
Take the potential at infinity to be
zero.

Ans. ¢ D5X 10°¢C -3x10°¢C
< i » P

el By

« 16 cm i
Let potential be zero at P, x cm away
from the positive charge. Then

kx5x1078 _ kx3x107®
© 16-x
or 80-5x = 3x
8x =80 or x=10cm.

e It is also possible that P lies x
distance away from the positive
charge on the R.H.S. of negative
charge, then

kx5x10°  kx3x107

X x-16
5x10" -3x10°  p
@ £ —g
< 16 cm »

« X >

or 5(x-16) = 3x
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Ans.

5x - 80 = 3x
2x = 80
x = 40 cm.

A regular hexagon of side 10 ¢cm has
a charge 5 uC at each of its vertices.
Calculate the potential at the centre of
the hexagon.

The given figure shows six equal amount
of charges, each g = 5 puC at the vertices
of a regular hexagon.

So,g=5uC=5x10°C

Side of the hexagon, [ = AB = BC = CD
=DE=EF=FA=10cm

Distance of each vertex from centre O,
d=10cm =01m

Total electric potential at point O,

6xq
4re,d




2.3.

Ans. (a)

where, g, = Permittivity of free space

=9 x 10° N m?C2

We know that
Ane,
v = 6x9x10° x5x10°°
0.1
= 27 x10°V
Therefore, the potential at the centre of
the hexagon is 2.7 x 10° V.

Two charge 2 uC and -2 uC are placed
at points A and B, 6 cm apart.

(a) Identify an equipotential surface

of the system.

(b) What is the direction of the
electric field at every point on this
surface?

The system represents an electric
dipole of charge strength 2 uC and
length 0.06 m, then electric dipole
moment = 0.12 x 10° Cm.

1 pcosO
4ne, r?

Using, V =

(i) For points on axial line, 8 = 0°,
cos 6 = 1.
V e 1/7%
The equipotential surfaces are
spherical with centre at the
centre of the dipole.
(if) For points on equatorial line,
8 = 90° cos 6 = zero.
The equatorial plane is a plane of
zero potential.
(b) Direction of electric field at every
point on the equipotential surface is
normal to the surface.

2.4. A spherical conductor of radius 12 cm

has a charge of 1.6 x 107 C distrib-
uted uniformly on its surface. What is
the electric field.

(@) inside the sphere,

(b) just outside the sphere,

(€) ata point 18 cm from the centre
of the sphere?
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Ans.

2:5:

Ans.

2.6.

(@) Since charge resides only on the
outer surface of the conductor,
electric field inside the conductor is

Zero.
1 g
b E = e
©) 4ne, R
2 9x10° x 1.6 x107
(0.12)?
= 105 NC-!
1l q
E = 2.
©) e, rl
p o 9x10° x1.6x107
(0.18)
= 444 x 104 NC1

A parallel plate capacitor with air
between the plates has a capacitance of
8 pF (1 pF = 102 F). What will be the
capacitance if the distance between
the plates is reduced by half, and the
space between them is filled with a
substance of dielectric constant 6?

Given,C = 8 pF = 8 x 10712 F

g A
C.= 0 _
S
d
If d'=3andK=6
g, A
s 12%— ['.'C:KCD]
= 12C0=12>':8><10‘12
= 96 x 10712 F
= 96 pF

Three capacitors each of capacitance

9 pF are connected in series.

(@) What is the total capacitance of
the combination?

(b) What is the potential difference
across each capacitor if the
combination is connected to a
120 V supply?



Ans. Given, C = 9 pF = £ A
| e ld | 0= g
! : . ~ 885x107% x6x107
: 120V ! = 3107
(@) i_1.1.1 = 1770 x 1072 = 18 pF
C CC € Q = C,V =18 x 10712 x 100
1 1.1 = 18x10°C
) T 9 "9 2.9. Explain what would happen if in the
C, = 3pF capacitor given in Exercise 2.8, a3 mm
(b) V, = Y+ W+ ¥, thick mica sheet (of dielectric constant
As all the capacitors are of equal = 6) were inserted between the plates,
value (a) while the voltage supply remained
V, = V, =V, connected. ;
ie. 3V =V,=120 (b) after the supply was disconnected.
- V=40V Ans. C = 18 pF, V = 100 volt, t = 3 mm,

K=6d=3mm

2.7. Three capacitors of capacitances 2 pF,
3 pF and 4 pF are connected in (@) C,=6x 18 pF =108 pF
parallel. Q, = 108 x 10712 x 100
(a) What is the total capacitance of the =1.08 x 108 C
combination? vV, =100V
(b) Determine -harge on each
capacitor it :ombination is
connected tc 1V supply. |
AHS.C1=2prC2=3| =-4.pF
(@) CP=C1+C2+ 9 pF
(b) V =100 V. In Ilel, potential =
difference is se¢ > across each () Q,=Q=18x10°C l
capacitor. Thus, 4 ' it ahs, 28]
— s _ ; L
Q =2x10 x 100= 2 % 109°C C, = 108 pF
Q,=3x1072x100=3x101C 100
Q3=4><10"12><100:4><10“1°C V2=—6—=16.6V
2.8. In a parallel plate capacitor with air | 519, A 12 oF capacitor is connected to 2
:::;vzinsttegztems,z eai:' tﬂat:.has an 50 V battery. How much electrostatic
il Sance energy is stored in the capacitor?
between the plates is 3 mm. Calculate Ans. Use the relation
the capacitance of the capacitor. If this
capacitor is connected to a 100 V E = lev?
supply, what is the charge on each 2
plate of the capacitor? _ 1 12 2
Ans. A=6x10‘3m2 = 5 x 12 x 10° x(SO)

d=3mm=3x103m 1.5 x 1078 J
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2.11. A 600 pF capacitor is charged by a
200 V supply. It is then disconnected
from the supply and is connected to
another uncharged 600 pF capacitor.
How much electrostatic energy is lost

in the process?

Ans. C, = 600 x 10722 F
V = 200V
Q = 600 x 1072 x 200
= 12x108C
c,
C,

Charge is same
GV =1 +Q)V

CV  6x10"x200

vV = =
C, +GC, 12x107%°

‘ -8
= _1_2_& = 102 volt

12 x 10710

L s
E: = Eclv

. %—x600x10_12x4x104

= 12 x 109 )
1
2
1 A0y s
= 502x10™)10

» (C, +C,)V*?

6 x 107 )
(12-6) x 107 )
6 x 10° )

So, energy lost is 6 x 1076 J.

A charge of 8 mC is located at the
origin. Calculate the work done in
taking a small charge of -2 x 10°C
from a point P (0, 0, 3 cm) to a point

Q0,4 cm, 0), via a point R (0, 6 cm,
9 cm),

1

AE

]

2.12,
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Ans. Here, g =8 x 103 C

g, =-2x10°C
pE, = > 9%
4mg, K
PE,= — 1%
47:50 r,
(0,6 cm,9 cm)
R
P
(0,0,3 cm)4
n
0 8 mC
(000 r, TQ
(0,4 cm,0)
W = q 4, l_ l
47580 L, n
=-8x103x2x109x9
x 10° i_i.
10.04 0.03 ]
W=9x10°x 8 x 103 x 2
- B
x 1079 _1___._1_
| 0.03 0.04 |
W=12)

2.13. A cube of side b has a charge q at each
of its vertices. Determine the potential
and electric field due to this charge
array at the centre of the cube.

Ans. q q
,f
q q..7
+7 i
4" I
J’ '
’ ]
F’ |
S mq__F---= q
Wt B
e———n

d = Diagonal of one of the face.
d? = Jb*+b°
d = by2

| = length of diagonal of cube



2 = \d?* +b?
= 267 +b7 = 31?2
[ = b3
L3,
2 2
Geometrical distance of centre of the
cube from each vertex.

V3

r = "'z-"b
e Net potential at the centre of the
cube

V = 8 x (potential at centre
due to a single charge)
1

()
TIIEO 3b
5

V= Bx%

_ %
mE, (\Eb)

e Due to symmetry of charge around
the centre of the cube, net electric
field at the point is zero.

7 =

2.14. Two tiny spheres carrying charges
1.5 pC and 2.5 uC are located 30 cm
apart. Find the potential and electric
field:

(a) at the mid-point of the line joining
the two charges, and

(b) at a point 10 cm from this mid-
point in a plane normal to the line
and passing through the mid-
point.

Ans. g, = 1.5 G, g, = 25 pC, r =30 cm
x=15cm =15 x 102 m

E; pEy
Q4 %
- ® °
e - M x s

(¥ L |

- r
(@) (i) Electric field at a mid-point
E=E-E
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9x10°

= —————[25-1.5]

(15 x 107%)?

x 10®
9x10° x1x10°® x10*

E =

225
= 0.04 x 107 V/m

E =40 x 10° Vm™ directed

towards charge q,.
(i) Potential at mid-point

1
4TC80X
9x10° x4 x107°

© 15x107
=24 x10°V

-

9, +9,]

E,sin0

E,cos 6

Y 4me,(18)2 x 107
" 9x10°x1.5x107°

324 x107*
=417 x 10° Vm

9x10% x2.5x10°®

324 x107*
= 6.94 x 105 Vm
E, = (E, + E,)sin®
E, =(E;-E)) cosB




E = JE2+E]
10

E, = (1111 x 10%) x —
y = T

“*5ind = E
18

= 6.17 x 10° Vm™!

15
Ey = (277 x 10%) x =
x = ( ) * I3

‘2 cos 0= E
18

= 2.30 x 10° Vm

E =658 x 10° V/m

o 5

tan ¢ = Er _617x10°
E, 230x10°

¢ = tan! (2.68)
¢ = 69.5° with the axial line.
(i) Electric potential
V' = V1 + V,
2 %
4ne (18 x 1072)
1.5x107% x 9x 10°

18 x 1072
= 75 x 104V

V, = 9,
4me, (18 x 1072)

25x107°% x9x10°

18 x 1072
= 125 x 104 V
V = 2.0 x 105V

2.15. A spherical conducting shell of inner
radius r, and outer radius r, has a
charge Q.

(@) A charge q is placed at the centre
of the shell. What is the surface
charge density on the inner and
outer surfaces of the shell?
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(b) Is the electric field inside a cavity
(with no charge) zero, even if the
shell is not spherical, but has any
irregular shape? Explain.

Ans. (a) Ifa charge +qis placed at the centre
of the shell, it induces —q charge on
the inner surface of the shell and +q
charge on the outer surface. Thus,
Surface charge density on inner

surface is
C = — 2 ;
4:m"1
and on outer surface is
_ Q+q
G = 2
41:4"2

(b) By Gauss' law, the net charge on the
inner surface enclosing the cavity
(not having any charge) must be
Zero.

N/

For a cavity of arbitrary shape, this
is not enough to claim that electric
field inside must be zero. The cavity
may have positive and negative
charges with total charge zero.

In order to clear this point, we take
a closed loop, part of which is inside
the cavity along a field line and
remaining part inside the conductor.
Since, field inside the conductor is
zero. A certain amount of work is

done by the field in carrying a test

charge over the closed loop.

As this is not possible for an

electrostatic field, no field lines are

there inside the cavity (ie. no field).



2.16. (a)

(b)

Thus, we conclude that there will be
no charge on the inner surface of the
conductor, whatever be its shape.

Show that the normal component
of electrostatic field has a
discontinuity from one side of a
charged surface to another given

by
[52-51}& =2

&g

where n is a unit vector normal
to the surface at a pointand ¢ is
the surface charge density at that

point. (The direction of nis from
side 1 to side 2.) Hence show that
just outside a conductor, the

electric field is on /e,

Show that the tangential
component of electrostatic field is
continuous from one side of a
charged surface to another.
[Hint: For (a), use Gauss's law. For,
(b) use the fact that work done by
electrostatic field on a closed loop
is zero.]

+ |+
_Ua + +
1= o N+
0 + |+ "
g .
+H* sE=Th
+ |+ 250
+ A
=1>n
+ |+
+ |+

Consider a charged surface having
surface charge density o, normal
electric field is present on either side
of surface but directions of electric

fields Ejand E, are mutually

opposite as shown. Thus field has
discontinuity from one side of

oualiicu vy valliovaliici

2.17.

Ans.

2.18.

charged surface to another.

-

AS E = _G_ 3
2 250 n

and E = -4
1 2¢

- (Ez—EIJﬁ .

0
ield just outside

- M

This shows electric

the conductor is f—.
When a charged Sarticie is moved
from one point to the other in a
closed loop, the work done by the
electrostatic field is zero. Hence, the
tangential component of electro-
static field is continuous from one
side of a charged surface to the

other.

A long charged cylinder of linear °
charged density A is surrounded by a
hollow co-axial conducting cylinder.
What is the electric field in the space
between the two cylinders?
Imagine a Gaussian
surface cylindrical) of
radius ‘'r' and length L,

in between the common

axis. Charge enclosed by

the Gaussian surface is

= AL. At each point
electric field vector and

area vector are in the
same direction. Thus,

7}
\ ¥

N+ + +
AW
/]

¢ = E(2nrl) = E
€
E = A
Zneur

In a hydrogen atom, the electron and

proton are bound at a distance of

about 0.53 A:

(a) Estimate the potential energy of
the system in eV, taking the zero
of the potential energy at infinite




Ans.

separation of the electron from
proton.

(b) What is the minimum work
required to free the electron,
given that its kinetic energy in the
orbit is half the magnitude of
potential energy obtained in (a)?

(c) What are the answers to (a) and
(b) above, if the zero of potential
energy is taken at 1.06 A
separation?

g, =-1.6 x 10719 C

g, =+ 16 x101C

r =053 x100m

(@) When zero of potential energy is
taken at infinite separation

PE:= —Bil
4ng, r
_ 9107 x[LEx 10 VY ]
0.53x107%°
PE. = -27.2 eV /
(«+1eV=16x101))
(b) KE. = % P.E.=136¢eV
Total energy = K.E. + PE.
= 136eV + (-27.2) eV
= —136eV

Work required to free the electron
=-(-13.6eV) = 13.6 eV

(c) If the zero of PE. is taken at 1.06 A
separation

PE. at separation 1.06 A

__9x 10° x (1.6 x107*°)? J
1.06 x 1070

= -13.6 eV

Now PE. at 0.53 A w.rt. the PE. at
1.06 A is

= -27.2 - (-136) = -13.6 eV
Required work = - (~13.6)
= 13.6 eV
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Ans.

2.20.

If one of the two electrons of a H,
molecule is removed, we get a
hydrogen molecular ion (H,*). In the
ground state of an (H,*), the two
protons are separated by roughly
1.5 A, and the electron is roughly 1 A
from each proton. Determine the
potential energy of the system.
Specify your choice of the zero of
potential energy.

g, = -16 x 10 C

g,= G3=16x101C

rp = 3 =10"%m

ry= 15x10¥%m
When zero of PE. is taken at infinity,

q,=-e

= +e

15A

g T {% L9, qaql}

4mey | N, N3 N3

=+
q,=+e

1
— eV
1.6x107°
On substituting values we get

PE. = -19.2 eV

Two charged conducting spheres of
radii @ and b are connected to each
other by a wire. What is the ratio of
electric fields at the surfaces of the
two spheres? Use the result obtained
to explain why charge density on the
sharp and pointed ends of a cond.uctor
is higher than on its flatter portions.

X

Ans. Consider two spheres with surface

density of charges 6, and 0, respeitively.
Thus, g, = 4na’c; and q; = 4nb’c,



2.21.

Ans.

q q,

Iso V.= L and V,=—-%
Als 1 - 2 =5
_ 4 _ 49

El- -a—zand Ez—'—z'

Since Vl =V,
4nac, = 4nbo,

E, o b

E, o, 4@
ie, electric field is inversely proportional
to the radius of the sphere.

0_0'2

b o,

ie, surface charge density is inversely
proportional to the radius of the sphere.

For pointed end

as a—»0, oo

For flat surface
a—e, 60

This proves that charge on the pointed
ends is maximum.

Two charges —-qg and +q are located at
points (0, 0, -a) and (0, 0, a)
respectively.

(a) What is the electrostatic potential
at the points (0, 0, z) and (x, y, 0)?

(b) Obtain the dependence of
potential on the distance r of a
point from the origin when
r/a >> 1.

(c) How much work is done in
moving a small test charge from
the point (5, 0, 0) to (-7, 0, 0)
along the x-axis? Does the answer
change if the path of the test
charge between the same points is
not along the x-axis?

Separation between the charges is [ = 2a

Electric dipole moment is p = g(2a)
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+q ‘.{0- 0,a)

(o, 0";..‘0) 2 Y
v
-------------- g ::'l (x‘ y‘ 0)

(@ (i) Point (0, 0, 2) lies on the axial line
of the electric dipole. In case the
point lies near the charge +q.
Potential at the point due to

charge +q is
__1 _q
17 4ne, (z-a)
Potential at the point due to
charge —q is
My s meod
4ne, (2 +0)
Net potential at the point is
V=V, +V,
_q [ I i ]
- 4ne, z—a z+a
= p
4ne (2% —a?)
(- p=gqx2ag

If the point lies near the charge
—q therythe net potential would
be

i P
4';1:{-:(_](:_’2 @)
(i) Point (x, y, 0) lies on equitorial
plane of the dipole. This point is
equidistant from both the

charges. (ie, S = sz +y* #a° ).
So, the potential at the point is
zero.



(b) Potential at a point due to an electric

dipole
OM = ON =acos 8
rh=r+acos
r,=r—-acos®

Potential at ‘P' due to dipole
ve_9 __ 49
dneyr, Amgyn
V =

q 1 gt 1
4neg,| r—acos® r+acosH

v= 9 { 2acos6
4ne, | r® —a®cos?0

p cosb

- 4re, (r2 —a* cos® 9)

r .
When = —>>1 ie,
a
r>>a

cosf =1

and v=_P ,SoVocl
4ne,r r?

() Both the points being on
equipotential surface, the work done
would be zero,

No, because work done is
independent of the path.

2.22. Figure 2.34 shows a charge array
known as an electric quadrupole. For
a point on the axis of the quadrupole,
obtain the dependence of potential on
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r for r/a >> 1, and contrast your
results with that due to an electric
dipole and an electric monopole
(i.e., a single charge).

. a a
q —q=q o °p
« r ”
Figure 2.34
Ans. Vpy = i 9
4ne, (r +a)
Vpc o 1 (_ZQ)
dneg, r
= VPB = l L
4ne, r—a
V= Vg + Ve + Vg
1 2dq
47[80 r(r2 et az)
Ae—2 5% 2 >p
[ o4 P BTy P
q -4-q g
As —z31.r° »>a?
a
2
Le., V = L 499
47‘CEG r3
Hence, V « — for quadrupole, f
ence, V o = or quadrupole, for
. 1 1
dipole V « — and for monopole V = =
2
2.23. An electrical technician requires a

capacitance of 2 yF in a circuit across
a potential difference of 1 kV. A large
number of 1 uF capacitors are
available to him each of which can
withstand a potential difference of not
more than 400 V. Suggest a possible
arrangement that requires the
minimum number of capacitors.



Ans.

2.24,

Ans.

Total capacitance required = 2 uF
Potential difference, V = 1000 V
Capacity of capacitors available = 1 pF
Maximum potential difference that a
capacitor can withstand = 400 V
Suppose, there are ‘'m’ rows and in each
row there are ‘n' capacitors joined in
series.

Potential across each row = 1000 volt
Potential across each capacitor in a row

~ 1000
n
According to the condition
1000 — 400
n
=25
or n=3

w =

Total capacitance in a row =

: ; m
Capacitance of ‘m’ rows = 3

According to requirement

L 2 =5>m=06
3
Total no. of capacitors required

=3 x6=18

What is the area of the plates of a 2F
parallel plate capacitor, given that the
separation between the plates is 0.5
cm? [You will realise from your answer
why ordinary capacitors are in the
range of pF or less. However,
electrolytic capacitors do have a much
larger capacitance (0.1 F) because of
very minute separation between the
conductors.]

Capacitance of a parallel capacitor,
C=2F

Distance between the two plates,
d=05cm=05x107m

Capacitance of a parallel plate capacitor
is given by the relation,
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2.25.

Ans.

€A
d 3
where, g, = Permittivity of free space
= 885 x 10 C* Nt m™

L =

it ot il ®

cd
A= —
€y
-2
A = 2%05x10° _ 4930 km?
8.85x107*

Hence, the area of the plates is too large. |
To avoid this situation, the capacitance is
generally taken in the range of pF.

Obtain the equivalent capacitance of
the network in figure 2.35. For a|
300 V supply, determine the charge
and voltage across each capacitor.

1DOIpF
| |
G
200 pF 200 pF
| | | |
R |l
C: 100pF Cs s 300V
I T-
| |
Cs
Figure 2.35

The network of capacitors can be
redrawn as shown here with

¢, =C, =100 pFand C, = C; = 200 pF.
Clearly, C, and C; are in series. So their

equivalent capacitance will be

C,C

= 23

= 100 pF.
2 G +C OpF
Now Cy; is in parallel with C,. So their net
capacitance will be
Ci3 = G, + C,; = 200 pF.

Now C,,, is in series with C 4 So their net
capacitance will be

[
Ciozg = v R pF
e
Total charge drawn from the source,
q = Cip
200

V = —3-x300pc=2x104pc



Ans. (@ A = 90cm? =90 x 107 m?
1 o d= 25mm=25x103m
| i 1] V' = 400 volt
. | | e A
C Cc O 1%
2 3 C d
_ 885x10™2x90x10™
S - 2.5x107
- 5% ' C = 3.186 x 10711 F
Thnzs WI:|L| Oilspc;:be the charge on C,. S0 g, Hence, electrostatic energy,
= X
Since C, = C,,, therefore, g will divide £, = =€
equally among C, and C,,. Therefore, X
= =x3. 107 x (400)°
. . o = 255 x 106 ) = 2.55 pJ
(since C, and C, are in series) . Jensit
Now, if voltages across C,, C,, C;and C, (b) - Energy density,
are V,, V,, V, and V, respectively then : U = i_; 0
g _10°pC
V, = =2="""—-=100 volt, o
1 C, 100pF 7 2.55x 10
. 90 x10™ x 2.5x 107
vV, = By L Bt =50 volt u = 0113 Jm3
2 C, 200pF , :
: P - Relation between energy density (u)
v, - 9 _ 10%pC SEarlt ~and electric field (E):
¢, 200 pF As we know, £ = ECVZ
g, 2x10%pC
- A= A
Va = C,” 100 pF & . B 8 %XE(’—X E*d®
= 200 volt. ' p
2.26. The plates of a parallel plate capacitor [ clandv = Ed.J
have an area of 90 cm? each and are d
separated by 2.5 mm. The capacitor is =k & ELAd
charged by connecting it to a 400 V 27
supply. E, 1
(@) How much electrostatic energy is Ad '2'805 [From ()]
stored by the capacitor? 1 '
(b) View this energy as stored in the te. -~ u= EEOEZ
electrostatic field between the A4 uF - B
plates, and obtain the energy per 2.21. H ca[:ac: ol '? charged by a 200 'V
: . supply. It is then disconnected from the
unit volume u. Hence arrive at a | di
relation batwesh i Gnd the supply, and is connected to another
o itude of el Figigos uncharged 2 pF capacitor. How much
b agnitude of electric field E electrostatic energy of the first
HhWaan the plates. capacitor is lost in the form of heat and

electromagnetic radiation?
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Ans. Capacitance of charged capacitor,
C, = 4pF = 4 x 10°°F
Supply voltage V; = 200 V
Energy stored in C,
E, = GV

= % x 4 x 107 x (200)?

=8 x 102)
Capacitance of uncharged capacitor
C, = 2uF = 2 x 10°5F

According to conservation of charge,
initial charge of C, is equal to final
charge on capacitors C; and C,.

VIC, - C) =GV -
V,x (4 +2) x 106 = 4 x 107 x 200

V2 — ﬂq V.
3
Energy for combination of two capacitor
is given by
1
E, = E(C1 + G)V,?
2
= l(2 +4) x 1076 x [ﬂ)
2 3
= 533 x 102}
Amount of energy lost by capacitor
G, =E=§
= 0.08 - 0.0533

0.0267 = 2.67 x 1072

Show that the force on each plate of
a parallel plate capacitor has a
magnitude equal to (1/2) QE, where Q
is the charge on the capacitor, and E
is the magnitude of electric field
between the plates. Explain the origin
of the factor 1/2.

Work done in increasing the separation
between the plates by a distance dx
against the force of attraction F between

the plates is
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dW = Fdx
Energy density,
u = %8052

Increase in potential energy

= WAdY= —1-80E2Adx
2

= %(SOE)AE dx = %O‘AE dx

[==3]

o= %} ...(il).

]
N
Q
m
S3
T

\/jf
axw
As work done is equal to change in
potential energy.

Considering equations (i) and (i) we get,

i

Fdx = %Qde
1
F= ZQF
20.

1
The factor 5 in the expression is due to

the fact that plates are being moved

: E
against an average value >

2.29. A spherical capacitor consists of two
concentric spherical conductors, held
in position by suitable insulating
supports (Figure 2.36). Show that the
capacitance of a spherical capacitor is
given by

where r, and r, are the radii of outer
and inner spheres, respectively.



Figure 2.36

Ans. Radius of the outer shell = r;

Radius of the inner shell = r,

Charge on the inner surface of the outer
shell is +Q.

Induced charge on the outer surface of
the inner shell is Q.

Potential difference between the two
shells is given by,

s _Q _Q
dmeyr,  4megh
where, g, = Permittivity of free space
T i
ng | r, n
- Q(rl _rz)
4neyhh,

Capacitance of the given system is

Charge (Q)
Potential difference (V)
Q.4ngynr,  Amgynh

Qlr, - 1) h—n
Hence, proved.

C =

2.30. A spherical capacitor has an inner

sphere of radius 12 cm and an outer
sphere of radius 13 cm. The outer
sphere is earthed and the inner sphere
is given a charge of 2.5 uC. The space
between the concentric spheres is
filled with a liquid of dielectric
constant 32,
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(a) Determine the capacitance of the
capacitor.

(b) What is the potential of the inner
sphere?

() Compare the capacitance of this
capacitor with that of an isolated
sphere of radius 12 cm. Explain
why the latter is much smaller.

Radius of the outer sphere,
r,=13cm=013m
Radius of the inner sphere,
r,=12cm =012 m
Charge on the inner sphere,
Q=25uC=25x10°C
Dielectric constant of a liquid, € = 32
(@) Capacitance of this spherical

capacitor is given by the relation,

_ Amege nn,

n—-n

=9 x 10° N m? C?

where,

4ng,
Foe 32x0.12x0.13
9x10° x(0.13-0.12)
~55x 107 F

Hence, the capacitance of the
capacitor is 5.5 x 10 F.

(b) Potential of the inner sphere is given
by,

yo Q _ 25x10°
C 55x107°
=45 x 10°V

Hence, the potential of the inner
sphere is 4.5 x 10° V.

(c) Radius of an isolated sphere,
r=12x107%m
Capacitance of the sphere is given by

the relation,

C = 4negyr
= 47 x 8.85 x 102 x 12 x 10
=133 x 10 F



The capacitance of the isolated
sphere is smaller than the
capacitance of concentric spheres.
This is because the outer sphere of
the concentric spheres is earthed.
Hence, the potential difference is less
and its capacitance is more than the
isolated sphere.

2.31. Answer carefully:

Ans.

(a) Two large conducting spheres
carrying charges Q, and Q, are
brought close to each other. Is the
magnitude of electrostatic force
between them exactly given by
Q,Q,/4me,r, where ris the distance
between their centres?

(b) If Coulomb’s law involved 1/r°
dependence (instead of 1/r?),
would Gauss’s law be still true?

(c) A small test charge is released
from at rest at a point in an
electrostatic field configuration.
Will it travel along the field line
passing through that point?

(d) What is the work done by the field
of a nucleus in a complete circular
orbit of the electron? What if the
orbit is elliptical?

(e) We know that electric field is
discontinous across the surface of
a charged conductor. Is electric
potential also discontinuous
there?

(f/ What meaning would you give to
the capacitance of a single
conductor?

(9) Guess a possible reason why water
has a much greater dielectric con-
stant (=80) than say, mica (=6).

(@) No, because charge distributions on
the spheres will not be uniform.

(b) No.

() Not necessarily. (True only if the field
line is a straight line.) The field line
gives the direction of acceleration,
not that of velocity, in general.
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(d) Zero, no matter what the shape g
the complete orbit be. |

(e) No, potential is continuous. |
() A single conductor is a capacit'
with one of the ‘plates’ at infinity. |
(9) Because water molecule hge
permanent dipole moment. 1

A cylindrical capacitor has two co,
axial cylinders of length 15 cm ang
radii 1.5 cm and 1.4 cm. The outg
cylinder is earthed and the inng;
cylinder is given a charge of 3.5 pg
Determine the capacitance of thg
system and the potential of the inne
cylinder. Neglect end effects (i.e
bending of field lines at the ends).
Radius of outer cylinder,

r, = 15cm = 0.015 m

Radius of inner cylinder,

r,=14cm =0014 m

Length of a co-axial cylinder,
[=15cm =0.15m

Charge given to the inner cylinder,
Q=35jC=35%10°C
Capacitance of a co-axial cylinder of ra
r, and r, is given by the relation,

Znaol

=
log, +

h

where, g, = Permittivity of free space
= 885 & 102 NHm™ €
2 x 8.85x1072 x 0.15

0.015
0.014

21 x 8.85x107*% x 0.15
2.3026 x 0.0299
= 12x10°F
Potential difference of the inner cylindé
is given by,

2.3026 log, (

e il 3.5x10°°
T e 1210
= 29 x 10*V



2.33.
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2.34,

A parallel plate capacitor is to be
designed with a voltage rating 1 kV
using a material of dielectric constant
3 and dielectric strength about 107
vm (Dielectric strength is the
maximum electric field a material can
tolerate without breakdown, i.e.,
without starting to conduct electricity
through partial ionisation.). For safety
we would like the field never to
exceed say, 10% of the dielectric
strength. What minimum area of the
plates is required to have a
capacitance of 50 pF?
Here V = 1kV =10V
K =3
C = 50 pF = 50 x 1072F

and dielectric strength = 107 Vm™
Maximum field

= 10% of dielectric strength

= 10% of 10’

= 10% Vm

4

d

Also E

3
-liﬁ =103 m

#a e
E

KAg,
d

Cd

Ke,

50x10°* x1073

3x8.85x107*

1.883 x 103 m? = 19 cm?

Describe schematically the equipoten-

tial surfaces corresponding to

(@) a constant electric field in the z-
direction,

(b) a field that uniformly increases in
magnitude but remains in a
constant (say, z) direction,

() a single positive charge at the
origin, and

Now C =
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(d) a uniform grid consisting of long

equally spaced parallel charged
wires in a plane,

Planes parallel to x-y plane.

Planes parallel to x-y plane, except
that planes which is differing by a
fixed potential get closer as field
increases.

Concentric spheres with centre at the
origin.

A periodically varying shape near the
grid which gradually reaches the
shape of the planes parallel to the
grid at far distances.

In a Van de Graff type generator a
spherical metal shell is to be a
15 x 10° V electrode. The dielectric
strength of the gas surrounding the
electrode is 5 x 107 Vm~. What is the
minimum radius of the spherical shell
required? (You will learn from this
exercise why one cannot build an
electrostatic generator using a very
small shell which requires a small
charge to acquire a high potential.)

v Ll
4T{80R
E = 1 i = !:R
4re, R2 E
o~ 15 x 108
5x 10’

=3x10!m = R=30cm
A small sphere of radius r, and charge
q, is enclosed by a spherical shell of
radius r, and charge q,. Show that if
q, is positive, charge will necessarily
flow from the sphere to the shell
(when two are connected by a wire)
no matter what the charge g, on the
shell is.
According to the problem g, > 0.
Total potential on the sphere is



Vl = 1 i]:--i- ! 32_
4me, 1 4ne, r,
Potential on the shell is

v,= 1+ %
4ne r,

0
q;

\/

Potential difference between the sphere
and the shell is

V=v,-V,= = %
4ne, n

Which is independent of the charge g,,
Le., charge on shell.
As g, is +ve, potential difference between
the sphere and the shell is always
positive. So, the charge will always flow
from the sphere to the shell.

2.37. Answer the following:

(a) The top of the atmosphere is at
about 400 kV with respect to the
surface of the earth, correspond-
ing to an electric field that de-
creases with altitude. Near the sur-
face of the earth, the field is about
100 Vm™. Why then do we not get
an electric shock as we step out of
our house into the open? (Assume
the house to be a steel cage so
there is no field inside!)

(b) A man fixes outside his house one
evening a two metre high
insulating slab carrying on its top
a large aluminium sheet of area
1m? Will he get an electric shock
if he touches the metal sheet next
morning?
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(c)

(d)

(a)

The discharging current in the
atmosphere due to the smajj
conductivity of air is known to he
1800 A on an average over the
globe. Why then does the
atmosphere not discharge itself
completely in due course ang
become electrically neutral? [y
other words, what keeps the
atmosphere charged? ]
What are the forms of energy into"
which the electrical energy of the |
atmosphere is dissipated during a 4
lightning?
(Hint: The earth has an electric.
field of about 100 Vm™ at its
surface in the downward direction,
corresponding to a surface charge
density = — 10° C m™ Due to the
slight conductivity of the
atmosphere up to about 50 km
(beyond which it is good
conductor), about + 1800 C i
pumped every second into the

globe pump an equal amount of
negative charge on the earth.)
As we step out of our house, the
original equipotential surfaces of
open air changes, keeping our body:
and the ground at the same
potential. Hence, we do not get an
electric shock.
Yes, the man will get an electnc
shock if he touches the metal slab™
next morning. The steady discharg=
ing current in the atmospheré
charges up the aluminium sheet:
gradually and raises its voltage. This
rise in the voltage depends on thé
capacitance of the capacitor formed
by the aluminium sheet, slab and -'.-
ground.



(0 The atmosphere is being charged by equilibrium and the atmosphere
thunderstorms and lightning remains electrically neutral.
occurring around the globe and (d) During a.lightning, light energy is
discharged through the regions of dissipated and during a thunder-
normal weather. On an average, the storm, heat energy and sound en-
two opposing currents are in ergy are dissipated in the atmo-

sphere.
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(c) The atmosphere is being charged by
thunderstorms and lightning
occurring around the globe and
discharged through the regions of
normal weather. On an average, the
two opposing currents are in

VSA

Ans.

SA

Consider two conducting spheres of
radii R, and R, with R, > R,. If the two
are at the same potential, the larger
sphere has more charge than the
smaller sphere. State whether the
charge density of the smaller sphere
is more or less than that of the larger
one.

Charge density of smaller sphere will be
more than larger one.

Ans.

Prove that a closed equipotential
surface with no charge within itself
must enclose an equipotential volume.
Suppose this was not true. The potential
just inside the surface would be different
from the Potential at surface resulting in
a potential gradient. This would mean
that there are field lines pointing inwards
or outwards from the surface. These lines
cannot be on the surface again at the
other end, since the surface is
equipotential. Thus, this is possible only
if the other end of the lines are at
charges inside, contradicting the premise.
Hence, the entire volume inside must be
at the same potential.

A capacitor has some dielectric
Petween its plates, and the capacitor
IS connected to a DC source. The
battery is now disconnected and then
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equilibrium and the atmosphere
remains electrically neutral.

(d) During a:lightning, light energy is
dissipated and during a thunder-
storm, heat energy and sound en-
ergy are dissipated in the atmo-
sphere.

the dielectric is removed. State
whether the capacitance, the energy
stored in it, electric field, charge
stored and the voltage will increase,
decrease or remain constant.
Capacitance will decrease.

1 :
Energy stored = ECVE, and so will

increase.
Electric field too will increase. But the

charge stored will remain the same.
Voltage will also be increased.

Calculate potential on the axis of a
ring due to charge Q, uniformly
distributed along the ring of radius R.
Suppose linear charge density is A" on
the ring. So, potential at a point P and
at distant ‘t' from its centre O due to
charge segment

Adl

dv, = 2 Adl
4ney [R? 4 ¢2
Vp 5 A 2nR
4re,  [R? 4 ¢?
1 Q
VP =



LA

Ans.

5. A parallel plate capacitor is filled by
a dielectric whose relative permittivity
varies with the applied voltage (U) as
e = alU where a=2V-1. A similar
capacitor with no dielectric is charged
to U, = 78 V. It is then connected to
the uncharged capacitor with the
dielectric. Find the final voltage on the
capacitors.
Let the final voltage be U. If C is the
capacitance of the capacitor without the
dielectric, then the charge on the
capacitor will be

Q, =CU
The capacitor with the dielectric has a
capacitance £C. So, the charge on the
capacitor is given as

Q, = eU = aCl?
The initial charge on the capacitor that
was charged is given as

Q = CU,

From the conservation of charges, we
have

Q = Q +Q,
or, '« QU = €U+ aClP

= allP+U~U;=0

1 ~1/1+4aU,

- 20

-1+,/1+624

4
-1+ 4625
—'4——\’0

[ts

As U is positive, then

\/622-1:35:6\/

U =
4

6. In the circuit shown in figure, initially

K, is closed and K, is open. What are
the charges on each capacitors?
C=6C K, K

: ] {
_L 10 %7 \)1

E= gvl c,=3C[ cs=3cj ’ ‘
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Then K, was opened and K, was closed
(order is important), What will be the
charge on each capacitor now 7

[C = 1uF]

When K| is closed and K, is open, circuit
becomes
Equivalent capacitance
K4
——
C1 =6C
E=9V —/— —=C,=3C
C! - C1C2
€, #Cy
2
C = 18C° _ 2¢C
9C

Charge drawn by the circuit @ = C’E
=09 =18C

As the capacitance C; and C, are in
series, charge stored by them will be

Q,=18CQ,=18C
When K; is opened and K, is closed.
Supply get disconnected and then we

have the circuit as

l {':
C,=3C — C,=3C
2 -" 7 2

Common potential attained by the
capacitors is

e S 18C
6C 6C
Now charge on capacitor C,, Q”,= 3 C
x3=9C
On capacitor C;, @;=3Cx 3 = 9C

On capacitor C;, Q”; =18 C




