Electric Capacitance Energy Of An Electric Field
(Part - 1)

Q. 101. Find the capacitance of an isolated ball-shaped conductor of radius
R: surrounded by an adjacent concentric layer of dielectric with permittivity € and
outside radius R;.

Solution. 101. Let us mentally impart a charge g on the conductor, then
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Hence the sought capacitance,
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Q. 102. Two parallel-plate air capacitors, each of capacitance C, were connected in
series to a battery with emf €. Then one of the capacitors was filled up with
uniform dielectric with permittivity &. How many times did the electric field
strength in that capacitor decrease? What amount of charge flows through the
battery?

Solution. 102. From the symmetry of the problem, the voltage across each

capacitor, 4% = &2 and charge on each capacitor 7~ €5/2 jn the absence of dielectric.
Now when the dielectric is filled up in one of the capacitors, the equivalent capacitance



of the system,

And the potential difference across the capacitor, which is filled with dielectric,
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So, as ¢ decreases 21+ times, the field strength also decreases by the same

factor and flow of charge *44= 4 -4
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Q. 103. The space between the plates of a parallel-plate capacitor is filled
consecutively with two dielectric layers 1 and 2 having the thicknesses d; and

d-> and the permittivity’s :and & respectively. The area of each plate is equal to S.
Find:

(a) the capacitance of the capacitor;

(b) the density o' of the bound charges on the boundary plane if the voltage across
the capacitor equals V and the electric field is directed from layer 1 to layer 2.

Solution. 103. (a) As it is series combination of two capacitors,
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(b) Let, a be the initial surface charge density, then density of bound charge on the
boundary plane.
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Q. 104. The gap between the plates of a parallel-plate capacitor is filled with
isotropic dielectric whose permittivity ¢ varies linearly from &; to & (g2 > €1) in the
direction perpendicular to the plates. The area of each plate equals S, the
separation between the plates is equal to d. Find:

(a) the capacitance of the capacitor;

(b) the space density of the bound charges as a function of ¢ if the charge of the
capacitor is q and the field E in it is directed toward the growing € values.

Solution. 104. (a) We point the jt-axis towards right and place the origin on the left
hand side plate. The left plate is assumed to be positively charged.

Since e varies linearly, we can write,
e(x) =a+bx
where a and b can be determined from the boundary condition. We have

E=¢ at x= 0 and €= g, al x=d,
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Now potential difference between the plates
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Hence, the sought capacitance
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Q. 105. Find the capacitance of a spherical capacitor whose electrodes have radii
R: and R>> R; and which is filled with isotropic dielectric whose permittivity
varies as € = a/r, where a is a constant, and r is the distance from the centre of the
capacitor.

Solution. 105. Let, us mentally impart a charge q to the conductor. Now potential
difference between the plates,
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Hence, the sought capacitance,
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Q. 106. A cylindrical capacitor is filled with two cylindrical layers of dielectric



with permittivity’s €1 and €2. The inside radii of the layers are equal to R; and R2 >
R1. The maximum permissible values of electric field strength are equal to Eimand
Eom for these dielectrics. At what relationship between €, R, and Enm, will the
voltage increase result in the field strength reaching the breakdown value for both
dielectrics simultaneously?

Solution. 106. Let A be the linear chaige density then,
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The breakdown in either case will occur at the smaller value of r for a simultaneous
breakdown of both dielectrics.

From (1) and (2)
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=8 " 55252 \hich & the sought relationship.

Q. 107. There is a double-layer cylindrical capacitor whose parameters are shown
in Fig. 3.16. The breakdown field strength values for these dielectrics are equal to
E:1 and Eorespectively. What is the breakdown voltage of this capacitor if e1R1E1<
&R E>?

Fig. 3.16.

Solution. 107. Let, A be the linear chaige density then, the sought potential difference,
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is the maximum acceptable value, and for values greater than ¥ dielectric

breakdown will take place,

Hence, the maximum potential difference between the plates,
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Q. 108. Two long straight wires with equal cross-sectional radii a are located
parallel to each other in air. The distance between their axes equals b. Find the
mutual capacitance of the wires per unit length under the condition b > a.

Solution. 108. Let us suppose that linear chaige density of the wires be A then, the

potential difference, ¥~ %~ %~ 9= 2% Tha intensity of the electric field created by

one of the wires at a distance x from its axis can be easily found with the help of the
Gauss’s theorem,
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Q. 109. A long straight wire is located parallel to an infinite conducting plate. The
wire cross-sectional radius is equal to a, the distance between the axis of the wire
and the plane equals b. Find the mutual capacitance of this system per unit length
of the wire under the condition a «< b.

Solution. 109. The field in the region between the conducting plane and the wire can bt

obtained by using an oppositely charged wire as an image on the other side.
Then the potential difference between the wire and the plane,
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Hence, the sought mutual capacitance of the system per unit length of the
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Q. 110. Find the capacitance of a system of two identical metal balls of radius a if
the distance between their centres is equal to b, with b > a. The system is located
in a uniform dielectric with permittivity a.

Solution. 110. When b >> a, the charge distribution on each spherical conductor is
practically unaffected by the presence of the other conductor. Then, the potential @+ (¢-)



on the positive (respectively negative) charged conductor is
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Note: if we require terms which depend on a/b, we have to take account of

distribution of charge on the conductors.

Q. 111. Determine the capacitance of a system consisting of a metal ball of radius a
and an infinite conducting plane separated from the centre of the ball by the
distance | if | > a.

Solution. 111. As in Q.109 we apply the method of image. Then the potential
difference between the +vely charged sphere and the conducting plane is one half the
nominal potential difference between the sphere and its image and is
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Q. 112. Find the capacitance of a system of identical capacitors between points A and B
shown in (a) Fig. 3.17a; (b) Fig. 3.17h.

(a)
Fig. 3.17.
Solution. 112.
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(a) P1= 9p and g, = g,

The arrangement of capacitors shown in the problem is equivalent to the arrangement
shown in the Fig.
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And hence the capacitance between A and B is,

C=C +Cy+Cy

(B) From the symmetry of the problem, there is no P.d. between D and E. So, the
combination reduces to a simple arrangement shown in the Fig and hence the net
capacitance,



Q. 113. Four identical metal plates are located in air at equal distances d from one
another. The area of each plate is equal to S. Find the capacitance of the system
between points A and B if the plates are interconnected as shown (a) in Fig. 3.18a;

(b) in Fig. 3.18b.
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Fig. 3.18.

Solution. 113. (a) In the given arrangement, we have three capacitors of equal

A
capacitance €= a4 and the first and third plates are at the same potential.

C
C
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Hence, we can resolve the network into a simple form using series and parallel
grouping of capacitors, as shown in the figure. Thus the equivalent capacitance
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(b) Let us mentally impart the charges +q and -q to the plates 1 and 2 and then
distribute them to other plates using charge conservation and electric induction. (Fig.).

As the potential difference between the plates 1 and 2 is zero,
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The potential difference between A and B,



9= @, -9g= §¢/C
Hence the sought capacitance,
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Q. 114. A capacitor of capacitance C1 = 1.0 p.F withstands the maximum voltage
V1= 6.0 kV while a capacitor of capacitance C> = 2.0 pF, the maximum voltage
V2 = 4.0 kV. What voltage will the system of these two capacitors withstand if they
are connected in series?

Solution. 114. Amount of charge, that the capacitor of capacitance C: can withstand,
g: = C1 V1 and similarly the charge, that the capacitor of capacitance C can withstand,
g2 = C2 V2. But in series combination, charge on both the capacitors will be same, so,
Omax, that the combination can withstand = C1V1,

as C1 V1 < Cz V2, from the numerical data, given.

Now, net capacitance of the system,
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Q. 115. Find the potential difference between points A and B of the system shown
in Fig. 3.19 if the emf is equal ' & = 110 V and the capacitance ratio C,/C; =1 =
2.0.
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Fig. 3.19,

Solution. 115. Let us distribute the charges, as shown in the figure.
Now, we know that in a closed circuit, - Ap =0

So, in the loop, DCFED,
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Again in the loop DGHED,

ff_l ‘?:""?z_
c,' ¢ §

)

D 4:“ -4 G 'erl C A
Jﬂ#ﬂlg : —47

gt o
| T(‘%ﬁrﬁlﬂ "
E H F

Using Egs. (1) and (2), we get
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Q. 116. Find the capacitance of an infinite circuit formed by the repetition of the
same link consisting of two identical capacitors, each with capacitance C (Fig.

3.20).
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Fig. 3.20.

Solution. 116. The infinite circuit, may be reduced to the circuit, shown in the Fig.
where, Co is the net capacitance of the combination.
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We get,
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0 2 Taking only +ve value as Co cannot be negative.



Electric Capacitance Energy Of An Electric Field
(Part - 2)
Q. 117. A circuit has a section AB shown in Fig. 3.21. The emf of the source
equals € = 10 V.the capacitor capacitances are equal to C1 = 1.0 pF and Cz = 2.0

pF, and the potential difference ¢a - ¢ = 5.0 V. Find the voltage across each
capacitor.
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Fig. 3.21.

Solution. 117. Let, us make the charge distribution, as shown in the figure.
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Hence, voltage across the capacitor C;
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Q. 118. In a circuit shown in Fig. 3.22 find the potential difference between the left
and right plates of each capacitor.

TSR
) J— al 1 )
f

Fig. 3.22.



Solution. 118. ™ %> 8w then using =49= © in the closed circuit, (Fig.)
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Hence the P.D. across the left and right plates of capacitors,
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And similarly

Q. 119. Find the charge of each capacitor in the circuit shown in Fig. 3.22.
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Fig. 3.22.

Solution. 119. Taking benefit of be foregoing problem, the amount of charge on each
capacitor
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Q. 120. Determine the potential difference ¢a - @ between points A and B of the
circuit shown in Fig. 3.23. Under what condition is it equal to zero?
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Solution. 120. Make the charge distribution, as shown in the figure. In the circuit,
12561.

-Ap = 0 yields
LS EC,C,
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And in the circuit 13461,
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Q. 121. A capacitor of capacitance C1 = 1.0 pF charged up to a voltage V=110 V



Is connected in parallel to the terminals of a circuit consisting of two uncharged
capacitors connected in series and possessing the capacitances C> =2.0 pF and
Cs = 3.0 uR. What charge will flow through the connecting wires?

Solution. 121. Let, the charge g flows through the connecting wires, then at the state of
equilibrium, charge distribution will be as shown in the Fig. In the closed circuit 12341,
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Q. 122. What charges will flow after the shorting of the switch Sw in the circuit
illustrated in Fig. 3.24 through sections 1 and 2 in the directions indicated by the

arrows?
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Solution. 122. Initially, charge on the capacitor C1 or Cy,
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T as they are in series combination (Fig.-a)

When the switch is closed, in the circuit CDEFC from - Ap = 0, /(Fig. b)
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And in the closed loop BCFAB from - Ap =0
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From (1) and (2) q1 - 0

Now, charge flown through section '= i+ -0=C;5%
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Q. 123. In the circuit shown in Fig. 3.25 the emf of each battery is equal
to & = 60 V. and the capacitor capacitances are equal to C; =2.0 pF and C2> = 3.0

pF. Find the charges which will flow after the shorting of the switch Sw through
sections' 1, 2 and 3 in the directions indicated by the arrows.
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Fig, 3.25.

Solution. 123. When the switch is open, (Fig-a)

2EC, G,

= T FC,

7 1

p at ; 24
1 Sw/ -|__ {: -[ v N -1:%
et
T

5 hgz




And when the switch is closed,
g,=EC, and g, = EC,
Hence, the flow of charge, due to the shortening of switch,
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And through the section = %2 (= q) = 0= B (G- C) = - 60nC

Q. 124. Find the potential difference pa — @s between points A and B of the

circuit shown in Fig. 3.26.
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Fig. 3.26.
Solution. 124. First of all, make the charge distribution, as shown in the figure.

In the loop 12341, using - Ap =0
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Similarly, in the loop 61456, using - A¢ =0
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Hence,

Q. 125. Determine the potential at point 1 of the circuit shown in Fig. 3.27,
assuming the potential at the point O to be equal to zero. Using the symmetry of
the formula obtained, write the expressions for the potentials. at points 2 and 3.
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Solving Egs. (1) and (2), we get,
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Now, ¢, - gy= ¢, = “T¢ as (gp=0)
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And using the symmetry |
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And
The answers have wrong sign in the book.

Q. 126. Find the capacitance of the circuit shown in Fig. 3.28 between points A and

B.
& 3]
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Figi 3.28.

Solution. 126. Taking the advantage of symmetry of the problem charge distribution
may be made, as shown in the figure.
In the loop, 12561, - Ag =0
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Now, capacitance of the network,
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From Eqgs. (1) and (2)

o 266+ G(C+Cy
0= Ci+Cy+20,

Q. 127. Determine the interaction energy of the point charges located at the
corners of a square with the side a in the circuits shown in Fig. 3.29.
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Fig. 3.29.

Solution. 127. (a) Interaction energy of any two point charges g: and g is given

q, 42
46, rF
by ’ Is the separation between the charges.

where r
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Q. 128. There is an infinite straight chain of alternating charges q and -q. The
distance between the neighbouring charges is equal to a. Find the interaction
energy of each charge with all the others.

Instruction. Make use of the expansion of In (1 + @) in a power series in o.

Solution. 128. As the chain is of infinite length any two charge of same sign will occur
symmetrically to any other charge of opposite sign.

So, interaction energy of each charge with all the others,

g [y 1,11

[ _243”u" -2+3-4+.,."....up o e
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And putting 23 (2)

From Eqgs. (1) and (2),
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Q. 129. A point charge q is located at a distance | from an infinite conducting
plane. Find the interaction energy of that charge with chose induced on the plane.

Solution. 129. Using electrical in age method, interaction energy of the charge q with
those induced on the plane.

-q ¢

U= Gae,@) " Bacyl

Q. 130. Calculate the interaction energy of two balls whose charges gqi and g, are
spherically symmetrical. The distance between the centres of the balls is equal to I.
Instruction. Start with finding the interaction energy of a ball and a thin spherical
layer.

Solution. 130. Consider the interaction energy of one of the balls (say 1) and thin
spherical shell of the other. This interaction energy can be written as Jdva

g (F) gy P sin0d0 dr
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Hence finally integrating
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Q. 131. A capacitor of capacitance Ci = 1.0 pF carrying initially a voltage V = 300
V is connected in parallel with an uncharged capacitor of capacitance C. = 2.0 pF.
Find the increment of the electric energy of this system by the moment equilibrium
is reached. Explain the result obtained.

Solution. 131. Charge contained in the capacitor of capacitance C: is q = C:1 ¢ and the
energy, stored in it :

Now, when the capacitors are connected in parallel, equivalent capacitance of the

=C, +

c .
system, * and hence, energy stored in the system:

Cf o

[_,l' T - -
2(€,#C) " as charge remains conserved during the process.

f
So, increment in the energy,
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Electric Capacitance Energy Of An Electric Field
(Part - 3)

Q. 132. What amount of heat will be generated in the circuit shown in Fig. 3.30
after the switch Sw is shifted from position 1 to position 2?
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Fig. 3.30.

Solution. 132. The charge on the condensers in position 1 are as shown. Here

C™ G, C+C,

1 1 C{C+CyE
[q+q“}[-'+—+—)- E o, g+gy= Y
And c+C, C Cy+2C
CC,E
9= o+ ng: wd = o oC
Hence,
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. o— —-=
{2 12
& Ef Bt -%’
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After the switch is thrown to position 2, the charges change as shown in (Fig-b).

A charge qo has flown in the right loop through the two condensers and a charge

go through the cell, Because of the symmetry of the problem there is no change in the
energy stored in the condensers. Thus

H (Heat produced) = Energy delivered by the cell



CC,E
= AgE= g 5= Cor2C

Q. 133. What amount of heat will be generated in the circuit shown. In Fig. 3.31
after the switch Sw is shifted from position 1 to position 2?

7 &
Fig. 3.3.
Solution. 133. Initially, the charge on the right plate of the capacitor, = &%) gng

finally, when switched to the position, 2. Charge on the same plate of capacitor;
g =CE,

So, M=d=CE

Now, from eneigy conservation,

AU + Heat liberated = Acen where AU is the electrical energy.

%cgf-%c (E, -E,)* + Heat liberated = AgE,

As only the cell with e.m.f. 51 js responsible for redistribution of the charge. So,

CE_,IEZ-%C‘§§+HJ:M liberated = C E, &,.

- lcgj}
Hence heat liberated 2

Q. 134. A system consists of two thin concentric metal shells of radii R; and

R2 with corresponding charges q: and 2. Find the self-energy values W and W, of
each shell, the interaction energy of the shells W1,, and the total electric energy of
the system.

Solution. 134. Self energy of each shell is given by q¢/2 where ¢ is the potential of the
shell, created only by the charge g, on it.
Hence, self-energy of the shells 1 and 2 are:



2 2

g7
d Woe ——
an 2 Bney R,

1 Bney Ry

The interaction energy between the charged shells equals charge q of one shell,
multiplied by the potential ¢, created by other shell, at the point of location of charge g.

i iy da
Wiz = q14:rtﬁﬂﬂ_2- 4meyR,

So,
Hence, total energy of the system,

U= W, +W,+ W,

0 . & X

2R, 2R, R,

1
4dme,

Q. 135. A charge q is distributed uniformly over the volume of a ball of radius R.
Assuming the permittivity to be equal to unity, find:

(a) the electrostatic self-energy of the ball;

(b) the ratio of the energy Wi s tored in the ball to the energy W pervading the
surrounding space.

Solution. 135. Electric fields inside and outside the sphere with the help of Gauss
theorem:

E - —F s R)L.E,= I_f—;ﬁirrﬂ}

4J'|:£|:,R2

Sought self-energy of the ball

U= W, +W,
R -
2 2
£ £y gy Ey ¢ 1
-J‘ 5 4:Lr2dr+f 3 4mr2dr-8nsﬂﬂ{5+l]
0 P
Hence,

1

3 1
U= Txe,5E ™M W," 5

Q. 136. A point charge q = 3.0 pC is located at the centre of a spherical layer of
uniform isotropic dielectric with permittivity € = 3.0. The inside radius of the layer



Is equal to a = 250 mm, the outside radius is b = 500 mm. Find the electrostatic
energy inside the dielectric layer.

) . .I%EBEEIW-J“%Eeﬂﬁzfirnrldr, .
Solution. 136. (a) By the expression , for a spherical

layer.

To find the electrostatic energy inside the dielectric layer, we have to integrate the

J'[_L) sntare gLl A
. I dmeger’ Bregela b
upper expression in the limit [a, b]

Q. 137. A spherical shell of radius R1 with uniform charge q is expanded to a
radius R2. Find the work performed by the electric forces in this process.

Solution. 137. As the field is conservative total work done by the field force,

Q. 138. A spherical shell of radius R: with a uniform charge g has a point charge
Qo at its centre. Find the work performed by the electric forces during the shell
expansion from radius R; to radius Ro.

Solution. 138. Initially, energy of the system, Ui = W1 + W1, where, W1 is the self-
energy and W12 is the mutual energy.

U,-l 7 + Mo
So 2d4me R, dmey R,

And on expansion, energy of the system,
=W, +Wy,

_1 :f ddy

Zﬂneﬂ32+4n£nﬂz




A= {U‘-Ll'jl- ——— (;—l-"ﬂl";]

Alternate: The work of electric forces is equal to the decrease in electric energy ot the
system,
A= U‘ - U.I'

In order to find the difference '~ ”* we note that upon expansion of the shell, the
electric field and hence the energy localized in it, changed only in the hatched spherical
layer consequently (Fig.).

R.

2

U, - u,-f%(.ﬂ:,’-ﬁf}-ur’dr

R

L

Where E; and E> are the field intensities (in the hatched region at a distance r from the
centre of the system) before and after the expansion of the shell. By using Gauss’
theorem, we find

1 q-”fuamlE— 1_%
dne, .2 1T Amey 2

As a result of integration, we obtain

A_ffﬁ'?[;*ﬁ'f’zii 1
IEE T [Rl RJ]

Q. 139. A spherical shell is uniformly charged with the surface derisity ¢. Using
the energy conservation law, find the magnitude of the electric force acting on a
unit area of the shell.

Solution. 139. Energy of the charged sphere of radius r, from the equation



1 1 _ g q
Un— m — -
299 2q4nanr Brmegr

If the radius of the shell changes by dr then work done is

4nrPF dr = -dU = /8 neyr

Thus sought force per unit area,

qrz 1{4.Ttr2~:|r]l2 o’
F,= ¥ = ) R
4:”‘(8:““1'2} dnrx8negr 2%

Q. 140. A point charge q is located at the centre O of a spherical uncharged
conducting layer provided with a small orifice (Fig. 3.32). The inside and outside
radii of the layer are equal to a and b respectively. What amount of work has to be
performed to slowly transfer the charge q from the point O through the orifice and
into infinity?

Fig. 3.32.

Solution. 140. Initially, there will be induced charges of magnitude - g and +q on the
inner and outer surface of the spherical layer respectively. Hence, the total electrical
energy of the system is the sum of self-energies of spherical shells, having radii a and b,
and their mutual energies including the point charge g.

1 1 (-9 _-qq . _4q - 44
Ui Idrcaﬂb+24nf_aﬂ+4nznu+4neub+4mfﬂb
11
U-I—q————
! E:‘I:E,[,[b a
or

Finally, charge q is at infinity hence, Us=0

Now, work done by the agent = increment in the energy

2

1 1

U _U=-9 |2_2
! Yi Snzﬂ[a bl



Q. 141. Each plate of a parallel-plate air capacitor has an area S. What amount of
work has to be performed to slowly increase the distance between the plates from
X1 to X if

(a) the capacitance of the capacitor, which is equal to g, or

(b) the voltage across the capacitor, which is equal to V, is kept constant in the
process?

Solution. 141. (a) Sought work is equivalent to the work performed against the electric
field created by one plate, holding at rest and to bring the other plate away. Therefore
the required work,

A apent = q 'E {’t2 _'xI]!'

a
E= o— . . . .
Where 2gy s the intensity of the field created by one plate at the location of other.

2
a
A L ‘EE(IE_I]}. E_;['LS {.I:l-.'[il:i

So,

A= AU

Alternate: (as field is potential)

z s
BT N PR R
2,8 2g,8 2,8

(b) When voltage is kept const., the force acing on each plate of capacitor will depend
on the distance between the plates.

So, elementary work done by agent, in its displacement over a distance dx, relative to
the other,

dA = - F, dx

—|So(x) and ofx) = o

F ({:[xj] gV
But, “o

]

1 sv? SV 1
A=[da= | =« dx = ——
J J‘zt” 2 2 [xl x;

x

Hence, t

Alternate: From energy Conservation,



Up=U;= A +A et
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Q. 142. Inside a parallel-plate capacitor there is a plate parallel to the outer plates,
whose thickness is equal to n = 0.60 of the gap width. When the plate is absent the
capacitor capacitance equals ¢c = 20 nF. First, the capacitor was connected in
parallel to a constant voltage source producing V = 200 V, then it was disconnected
from it, after which the plate was slowly removed from the gap. Find the work
performed during the removal, if the plate is

(a) made of metal; (b) made of glass.

Solution. 142. (a) When metal plate of thickness nd is inserted inside the capacitor,

Ens
i “=aa-m
capacitance of the system becomes -

B, 5V
. . - V. —
Now, initially, charge on the capacitor, %= 0" du-w)

€S
Finally, capacitance of the capacitor, C=-a

As the source is disconnected, charge on the plates will remain same during the process.

Now, from energy conservation,

U,-U;= A, (as cell does no work)

2
SV 1 _a-w]_ 1cvin_
[C‘ C ]-2“-11]2 1-5m]




(b) Initially, capacitance of the system is given by,

Ce
O -
" m-e)+e this s the capacitance of two capacitors in series)

So, charge on the plate, %= GV

Capacitance of the capacitor, after the glass plate has been removed equals C
From energy conservation,

Auga= U=,

1 2[1 1 1CVien(e-1)
- = —_———lm = = -8 mJ
2"""[C Cu] 2[e-n(-DF

Q. 143. A parallel-plate capacitor was lowered into water in a horizontal position,

with water filling up the gap between the plates d = 1.0 mm wide. Then a constant
voltage V =500 V was applied to the capacitor. Find the water pressure increment
in the gap.

Solution. 143. When the capacitor which is immersed in water is connected to a
constant voltage source, it gets charged. Suppose oo is the free charge density on the
condenser plates. Because water is a dielectric, bound charges also appear in it Let ¢' be
the surface density of bound charges. (Because of homogeneity of the medium and
uniformity of the field when we ignore edge effects no volume density of bound

ﬂ{.‘
charges exists.) The electric field due to free charges only %’ that due to bound

ﬂ!

charges is * and the total electric field is % Recalling that the sign of bound charges

Ty

Is opposite of the free charges, we have

. £E-1
—=—=— o o= — g,
E E

Because of the field that exists due to the free charges (not the total field; the field due
to the bound charges must be excluded for this purpose as they only give rise to self-
energy effects), there is a force attracting the bound charges to the nearby plates. This
force is



2
lulﬂ- [.E_]-] Oy

7 " T Per unit arca.

0 o

The factor 1/2 needs an explanation. Normally the force on a test charge is gE in
an electric field E. But if the chaige itself is produced by the electric filed then the force
must be constructed bit by bit and is

F-j-q{E‘}dE'
/]

if 9(E")=E" then we get
F=1g(E)E
X

This factor of 1/2 is well known. For example the energy of a dipole of moment Plin jp

L

an electric field o s -7 £o while the energy per unit volume o f a linear dielectric in

}?E; where F

* the polarization vector (i.e. dipole moment per

1
an electric field is 2

unit volume). Now the force per unit area manifests if self as excess pressure of the
liquid.
Vo Oy

Noting that ¢ *%

A gqe(e - l::II-’2
We get i Pre

Substitution, using € = 81 for water, gives Ap =7.17 k Pa =0.07 atm.

Q. 144. A parallel-plate capacitor is located horizontally so that one of its plates is
submerged into liquid while the other is over its surface (Fig. 3.33). The
permittivity of the liquid is equal to &, its density is equal to p. To what height will
the level of the liquid in the capacitor rise after its plates get a charge of surface
density ¢?



Fig. 3.33

Solution. 144. One way of doing this problem will be exactly as in the previous case so
let us try an alternative method based on energy. Suppose the liquid rises by a distance
h. Then let us calculate the extra energy of the liquid as a sum of polarization energy
and the ordinary gravitational energy. The latter is

1, _l 2
ih pg - Sh ipgﬂ.ﬁ

If o is the free charge surface density on the plate, the bound charge density is, from the
previous problem,

£=1

o= a

This is also the volume density of induced dipole moment i.e. Polarization. Then the
energy is, as before

_L_uagﬂ-i.{,-g;_&—_ili

2 2 T 2

And the total polarization energy is

_ !a—l}az
Sla+h) Degt

— — = = ==

e

Then, total eneigy is

.
Jﬁ:é—:: i

{zw—lluz

1 2
U{ﬁ}-—S[ﬂ+h}TDE+§pgSﬁ

The actual height to which the liquid rises is determined from the formula

dty '
dﬂ-U (h)=0



him (-1 !-nl:lg
This gives Zege pg

Q. 145. A cylindrical layer of dielectric with permittivity ¢ is inserted into a
cylindrical capacitor to fill up all the space between the electrodes. The mean
radius of the electrodes equals R, the gap between them is equal to d, with d « R.
The constant voltage V is applied across the electrodes of the capacitor. Find the
magnitude of the electric force pulling the dielectric inzto the capacitor.

9
U= i,
Solution. 145. We know that energy of a capacitor 2€
au fﬁ e 2
Fom 5 | g MM Fm S/ €
Hence, (1)

Now, since d < R, the capacitance of the given capacitor can be calculated by the
formula of a parallel plate capacitor. Therefore, if the dielectric is introduced upto a

depth x and the length of the capacitor is I, we have,

IrnegeRx 2ZaRey(l-x)
d T d )

From (1) and (2), we get,

xRV?
F. = E,:,{E - I}T

Q. 146. A capacitor consists of two stationary plates shaped as a semi-circle of
radius R and a movable plate made of dielectric with permittivity a and capable of
rotating about an axis O between the stationary plates (Fig. 3.34). The thickness of
the movable plate is equal to d which is practically the separation between the
stationary plates. A potential difference V is applied to the capacitor. Find the
magnitude of the moment of forces relative to the axis O acting on the movable
plate in the position shown in the figure.

Fig. 3.34.

Solution. 146. When the capacitor is kept at a constant potential difference V, the work



performed by the moment of electrostatic forces between the plates when the inner
moveable plate is rotated by an angle do equals the increase in the potential energy of
the system. This comes about because when charges are made, charges flow from the
battery to keep the potential constant and the amount of the work done by these charges
Is twice in magnitude and opposite in sign to the change in the energy of the capacitor

aU 1.g0C
JOA L S
Thus - @@ 2 do

Now the capacitor can be thought of as made up two parts (with and without the
dielectric) in parallel.

oo RO e (n-9)R
Thus 2d 24

.
As the area of a sector of angle ® * 2° * Differentiation then gives

(e-1)e RV
27T ad

The negative sign of N indicates that the moment of the force is acting clockwise (i.e.
trying to suck in the dielectric).
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