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44 INTRODUCTION
Capacitance of a conductor. If

given con |
ductor. The ratio 0/

nce of a conductor is defined as the ratio of the chayg, i

to an isolated conductor, its voltage ;¢ .
e,

¥ is independent of O and depeng; oy I

led the capacitance of the con dhcty iy

.
\

a charge ¢ 1 given
ductor, the ratio 0/
Vis cal

by an amount /. For a o
size and shape of the con .
denoted by C. |
~. C = Q/V. Hence the capacita y
e increase i tial of the conaucltor. t |
" ”71"(}1} " ;Zi;fzfafe() fojfalconguctor is also defined as the amount of charge that should p, Sive,
e cap |
1101 its potential by unity. ' |
" ;f;ce” elflfiet lof [éapacitance is farad. A conductor has a cci[gc?ftfn;e:O{O??g ﬁ{arad, ifa Char QJ
1 coulomb given to it raises its potential by{ vo{t.t 1 511; :t ;I(l)ic p],a : epA < etven a posi éharge
inci i sulate '
Principle of a Capacitor. Suppose an in 7 Lo Gl e p]ategbe

1,

and its potential is ¥ (Fig. 4.1a). Its capacitance . )
brought near 4. Negative charge is induced on that side of B Wh'lC 4 B 4 3
is nearer to 4. An equal positive charge is induced on the other side [ A
of B. The negative charge on B decreases the potential of 4. The + o+ 4
positive charge on B increases the potential of 4. But the negative  + I+ 4
charge on B is nearer to 4 than the positive charge on B. So the net  + Mo+ N '
effect is that the potential of 4 decreases. Thus the capacitance of thf '

E=

4 is increased. ' . "
The positive charge on B is neutralized by connecting the back @)
FIG. 4.1

side of B to earth (Fig. 4.1b). Then the potential of 4 decreases still

further. Thus the capacitance of 4 is considerably increased.
A capacitor in general consists of two conductors one positively charged and the other earthed.

The conductors are called plates. The capacitance depends on the geometry of the conductors and
the permittivity of the medium separating them. A capacitor is a device for storing charge.

42 CAPACITANCE OF A SPHERICAL CAPACITOR (OUTER
' SPHERE EARTHED)

Let 4 and B be two concentric metal spheres of radii B
a and b respectively with air as the intervening medium
(Fig. 4.2). The outer sphere B is earthed. A charge + ¢
is given to the inner sphere. The induced charge on the
inner surface of the outer sphere is —g. P is a point at a
distance » from the common centre O.

I
Electric field at P = E = (i) 7 (1)
' 47!:80 I'2

Outer

. : -
where 7 is the unit vector along OP.
Sphere

The potential difference between the spheres A and
B is given by
a FIG. 4.2
V=-["E-dl -(2)
Here, dl is the differential vector displacement along a path from B to A.
But E-dl=FEdlcos180°=-FEdl
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jon of 1

a distance dl in the direction of motion, we are moving in the direct

hef: i moVing_ dr. Hence
{ﬂ'ﬂaﬂ E.dl=Edr
1t a
Q0 y=~-|, Edr
l o the value of E from Eq. (1), we get
Puﬂ“ 1=

ad la
o it I _;_=_ q {__} | |
4ne, b r ame, 1)y |

__q_{l_l}_ g b-a
“4me, la b) 4me, ab

nce of the spherical capacitor

. CapaCita
) . q _ab .3
C=—= = 4me
v q (b - a) 0 (b-a)
47580 ab
Note. Eq. (3) can be written in the form

ab 4me,

a b

When b — 0, C = 415800.
his is the capacitance of an isolated conducting sphere of radius a.

T

@ CAPACITANCE OF A SPHERICAL CAPACITOR (INNER SPHERE

i EARTHED)

4 and B are two spheres of radii g and b (Fig.4.3). Suppose a
charge +q is given to the outer sphere B. +q is distributed on its
inner and outer surfaces by amounts +¢; and +q, respectively,
sothat ¢ = g, + g, The charge +¢, on the inner surface of B
induces a charge —¢, (bound charge) on the outer surface of 4
and charge +¢, on the inner surface of 4. The charge + g, on
the inner surface of 4, being free, leaks to the earth.

The two spheres now behave as two capacitors connected
in parallel.

(i) The inner sphere of radius a and the inner surface of
outer sphere form a capacitor of capacitance

FIG.43

4me, ab
== of (if the dielectric is air)
-a
(if) The outer surface of B and the earth form a capacitor of capacitance
C, = 4ngb.
Total capacitance C=C+C,= Ameqab + 4megb
b-a)
_ 4me b’

C
b-a
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44 CAPACITANCE OF A CYLINDRICAL CAPACITOR“
K wo coaxial cylinders Aand Bofradiiaand st
Ivel}

: Lol sanacitor formed by t . :
Consider a cylindrical capacitor forme ter cylinder B is earthed (.
» : and B. The outer cy ed (F
and cach of length /. Airis the medium between 4 (Fig, 4 ;

B @
S |
E=

b
(a) (b)
FIG.4.4

)

YRR
o+ ++
::'{s:

~ e

If a charge +g is given to the inner cylinder, then an equal charge —¢ is induced on the inner
surface of the outer cylinder and a charge + ¢ on the outer surface of the outer cylinder. The charge
+¢ induced on the outer surface of the outer cylinder flows to the earth.

The electric field at a point P in the space between the two cylinders at a distance 7 from the
axis is

E= 4 ()

The potential difference ¥ between the cylinders 4 and B is
v=-["E-a L0

Here, dl is the vector displacement along a path from B to 4 (Fig. 4.4 b).
Now, E is radially outward and dl is inward. Therefore
E.dl=Edlcos180°=—Eg

As we move a distance d/ from B to 4, we move in the direction of decreasing - So g = - db:

Thus
E-dl=Edr
Eq. (2) becomes, V= —j”Edr
b
q fadr
=- — From Egq. (1
2neyl ‘b ¥ [ ¢ (D]
q a q
=- log,ri, =— log,a -1
27’(8()[{ g( }b 27{801{ Eed Og" [)}
=4 log, ~/1
2ne,/ a

Hence the capacitance of the cylindrical capacitor is
=9 _ 2ne,/
V- log,(bla)
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mples of practical Cylindrical Capacitors
g8 he co-axial cable consists of a cylindri
‘ - ; rical - .
@ :n interposed dielectric. metal shield, a co-axial central conductor and
ine cable consi
() Su'bm?ni';zulating cabiztslf thtrands of copper separated from the surrounding water by
g SUlED et The surrounding e . Torica capacitor. The copper trands forT
the 11 IEGT & Ing water acts as th : : ; :
acts as the dielectric. e outer cylinder. The insulating casing

. CAPACITANCE OF A PARALLEL PLATE CAPACITOR
o

el plate capacitor consists of two paralle]
o pard Aand d i 4 : :

s each of area 4 and separate by a distance d I T R T T
m;wP ' The medium between the plates is air. 4
(Fliarge +qis given to the plate P, It induces a charge

C the upper surface of the earthed plate Q. dis ¢
on ; i i °
compared with the plate dimensions to

je us to ignore the fringing effects near the ends. FIG. 4.5

-4
ent small

enab ~ .
" lectric lines of force starting from plate P and

g the plate Q are parallel to each other and perpendicular to the plates.
y the application of Gauss’s law,
electric field at a point} o

B

between the two plates

Here, 0 = surface density of charge = g/A.
potential difference between the plates P and Q is

V=j: ~Edr=) —%drz%:i

The capacitance of the parallel plate capacitor is
g__od__e

v (odley) d

451 Effect of a Dielectric

Relations obtained earlier for the capacitances hold only when the plates are in vacuum or air.
I actgal capacitors, the region between its two conductors is filled with an insulator (or dielectric)
% mica or oil. Faraday found that the capacitance of a capacitor increases if a dielectric is placed

between the plates.
[fCis the capacitance of a capacitor with vacuum and C’ is its capacitance with dielectric, then

teratio O’/ = o : : e .
Rio C"/C = g, is called the relative permittivity of the medium.
C'=¢C
The R ) . . 4 . e .
o pacitance of a capacitor with a medium of relative permittivity €, between its two
OIS 1S €, times the value given by the above formulae. Therefore

_4ne, gyab

= -0 for a spherical capacitor (outer sphere earthed)
-a

Ca
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= ——l— for cylindrical capacitor

for parallel plate capacitor

4.5.2 Capacitance of a Parallel Plate Capacitor Partly Filleq With ,
Dielectric Slab

P and Q are the conducting plates of a parallel plate 'capaci.tor, each. Qf area 4 plage
distance d apart. Suppose a dielectric slab of thickness ¢ and relative permittivity ¢ i imroduat
between the plates (Fig. 4.6). Pis given a positive charge so that the surface charge density o, it

a
ki

0

/ ATy
Q

ll”——

FIG. 4.6

Thickness of dielectric slab = ¢
Thickness of air portion = d-1)

| Electric field at any point in } .. c
the air space between the plates| £
Electric field at any point , ©
in the dielectric slab } Bl E

The potential difference ¥ between the plates is the work done in ca

1‘ . ..
from one plate to other in the field £ over a length (@~ 1) and in the ﬁelrry el

d E’ over a length 1. Thus
| V=E@-0+Et=d-n+-2L Ol 1
& g€ g, B

The charge on the plate P = g = 64.
Hence the capacitance of the capacitor is

c=l___ 04 __ &d
V

E[(d—t)+1:] (d—t)+i

€ g, g,

Example 1. The radii of the inner and outer spheres of 4 Spherica] capacitor are
4 %< 1072 metre and 6 x 107 metre. If the dielectric medium between the Plates s 4j) calculate

the capacitance of the spherical capacitor if the outer sphere is eartheq and the jnpey sphere
is positively charged.
dmegxab_ 1 4x102x6x107

b-a  9xI10° 2x1072

Solution. C =

=1.33x107" farad.



Capacitors and Electrometers 113

here of 10 1 ;
Exﬂmp el ;4 ;5 c;:; rgj; p toc;n ;;?Zf-te; IS suspended within a hollow sphere of 12 cm diameter.
el S her tal of 15000 volt and the outer sphere be earthed, find the
b the inner sphere. 4 ’

4meqab 2[ 1 J 0.05 x 0.06

so,uﬁon-C="‘—b_a ox10° | oor  =3333x107 F

' Charge on the inner Sphere =q= CV= (3333 X 10—11 ) x 15000 = 5 x 10_7 C

e 3. Calculate the capacitance of a sphere of 20 cm diameter inside which there is an

1 - ;
3 Ecoﬂ” ccted sphere of 10 cm diameter, the medium between the spheres being air

gl
\ e .- dnegh” [ 1 (0.1)?
solutio™ == g {9x10° ) (0.1-0.05)

=222x10"" F.

Example 4. Calcb:(lajffr t3h€ capacitance of a jcylindrical capacitor if the radii of the inner and
er ¢ finders are 2  fete and 8 x 10°3 metre, the outer cylinder being earthed and the
o linder is g1ven a positive charge. The relative permittivity of the dielectric medium between

ol C
’;Zegyﬁnders is 5 and the length of the cylinders is 6 metre.
f
e €0 2x%3.1416 x5 -12
gulution. € =—"75 = x8.854x10"" x 6
log, () 2.303 x log, (0'008
a 0.002
=1.203x107”F.
prample 5. 4 cable has a wire of radius | mm and it is surrounded by a thin metallic sheet
of radis 6 mm. The space between the cable and the sheet is filled with a material of dielectric

antan 205 What s the capacitance of 8 km length cable ?
Solution. Capacitance of cylindrical capacitor

_2megyl _ 2mx2.05% (8.854x107"%) x 8000

0.006)

LS
log. | 2 23026 x log, | 2220
Be (a) Og“’(0.001

~0.5092 x 1070 F.

Example 6. The area of each plate of a parallel plate capacitor is 4 * 1072 square metre. If the
lickness of the dielectric medium between the plates is 10-3 metre and the relative permittivity of

the dielectric is 7, find the capacitance of the capacitor.

£,€,4 854%x1072 x4x107
oo _Jxs = X = 2478x10° F

Solution. C =

Example 7. 4 capacitor is made up of two plates separated by a sheet of insulating material
?m‘m thick and of relative permittivity (dielectric constant) 4. The distance between the plates
isincreased to allow the insertion of a second sheet 5 mm thick and relative permittivity €, .
{Z ;he c]cipacitance of the capacitor so formed is one half of the original capacitance, find the
dlue of €.

Solution. Initial capacitance of the capacitor is
C — Sf’l 80‘4 _ 480‘4

= — (€ =4,a’=3x10"3 m) (D)
d 3x10™

n

. R E— —
e — e e arE. e e 4 R e imeey T iricie, O T T U T s e
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After the insertion of the second sheet, the interspace is filled with two die]e,

tri N
. ity o Iicg OfthiCk\
(=3 mm, & =4and ¢, =5 mm and unknown relative permittivity €. Ny g
The new capacitance is y
' gd g4 . I
- B 3 5x10”
ho B 3x10 +5 0]
8"1 Sr 4 er
-3 -3 5
C__ 4 [3x107 sx10 )=§G+_J
C" (3x107%) 4 €, . &
1
[t is given that C’'= 2
43 8
2=3la T,
Simplifying g.=6.67

Example 8. 4 parallel
charged to 100 volts.
thickness 0.5 x 102

plate capacitor of plate area 102
Then, after removing the charging ba
m and relative permittivity 7 is insert

m? and plate Separation 102,
ttery, a slab of insulating materig] of
ed between the plates. Calculgte
ntensity in air, electric field inteng;
present).

Solution, The capacitance C,» before the slab is inserted, is

€4 _ (8.9x10712)x (102
G =2 B2 xo?) o F.
d 10
Therefore, the free charge is

9= CoVy =(8.9%107%) x 100 = 8.9 x 1910

C
The electric field intensity in air is

V:
E, =~°=1ﬂ=1.0><104 V™
d 1072
The electric field intensity in the dielectric is
g B _10x10*
& 7
The potential difference between the plates with dielectric present is
V=E(d-t)+Et

=1.43x10° ;!

=(1.0x10%) (1072
=57 volt,

The (free) charge on the plates is same as before.
The capacitance (with dielectric present) is

—0.5%107) +(1.43x10%) (0.5 x 1072)

¢ o4 _89x10"coul,

=16x10™" F =16pF
4 57 volt
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B

pxample 9. It is required to construct a parallel plate capacitor of capacitance 0.5 microfarad
ing paper sheets of thickness 4 x 107 metre as dielectric. How many circular metal foils of radius
1’1. « 10-" metre are required given that the relative permittivity of paper is 5 and g, = 8.9 x 10-12
;;1r'<zd per metre.
~ Solution. Let the number of metal foils required be .
They will form (7 — 1) capacitors.
The capacitance of the arrangement is given by

—

_&.8&((m-14

C
d
05x 10 = 3X89x 1072 (n —=1)x3.1416 x 0.2 X 0.2
4%107
n—-1=18
n=19.

CAPACITORS IN SERIES AND PARALLEL
() Capacitors in Series. Let C;, C,, C; be the

. Cl C2 C3
capacitances of three capacitors connected in series +q\ + _‘—q +q| + _| -q +q l +_l_q
(Fig. 4.7). Let V be the potential difference applied + 4
across the series combination. Here each capacitor \ +_, , + _‘ ‘ +_‘

carries the same amount of charge ¢. Let ViV, 7,
be the potential difference across the capacitors C|, C,, | le— ¥, —>=— V7, —>f=— y, —»
C; respectively. Thus

- v -
V=V1+V2+V3
q q q
=—;V,=—andV; =—
o R G : G
11 1
V= i+-q—'+i=q —+—+— ()
G G G ¢ G G

If C; be the effective capacitance, it should acquire a charge ¢ when a voltage V' is applied
across it. Hence

V=4q/Cs - (2
q q q q
From (1) and (2), — = i S
" Loty l -(3)
Cs Cl C2 C3

(if) Capacitors in parallel. Fig. 4.8 shows three capacitors of capacitances C;, C,, C,
connected in parallel. Let the terminals 4 and B be connected to a potential difference V. The

potential difference across each capacitor is the same. The charges on the three capacitors are
respectively,

q] = C| V, 612 = CzV, q3 = C3V
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+q1 -4
G
+q, l l -4 5
4 | G|
tq, G s
< |4 =P
FiG.4.8

The total charge on the system of capacitors is
=9 +49, *+ 4
=GV +CGlV +Cy
=V(C +C, + ).
Butg = CpV, where Cp is the equivalent capacitance of the system,
CpV=v(C,+ C,+Cy)
or q=q+g+g
Example. The greq of each plate of a paralle] Plate capacitor is A, and their Separation is J

is filled with two dielectrics of dielectric constants K 1 and K.,. Calculate the capacitance when the
dielectrics are Jfilled as in Fig. 4.9 (a), as in (b).

FIG. 4.9

Solution. (@) The given arrangement can be considered ag 4 Combinatiop of two capacitors in
parallel, each with plate area 4/2 and separation d. Thys,

C=C+ C,.
Now,

C, = wand G, :—%_

€,A4
C=—(K, +K,).
o K+ K,

(b) The given arrangement can be considered as a combination of t

"0 Capacitorg in serjeg, o
with plate area A and separation /2. Thus

ach

] — = .
c q g C +G,
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Kigy4 K,e,4
= 280
Here 1 a0 and C, = o
C= 2‘(:OA Kle
d \K, +K,

| 4‘1 PARALLEL PLATE CAPACITOR FILLED WITH A DIELECTRIC
| OF LINEARLY INCREASING DIELECTRIC CONSTANT

:WThe space between the plates of a parallel-plate capacitor

. ﬁlled with a diele(}tric whose dielectric constant increases K, B x =d
iineaﬂy from one plate to the other. d is the distance between T
o two plates (Fig. 4.10). K| and K, are the values of the 4 P
gielectric constant at the two plates. l -
Let us calculate the capacitance per unit area of the K, 4 e =l
Let K, be the dielectric constant at point P at a distance x FIG. 4.10
x ”

from the plate A of the capacitor.

The dielectric constant increases uniformly from one plate to the other. So we can write

Kx=Kl(l+ocx)

o 0 is a constant for the dielectric.

o denotes the rate of change of K along x direction.
. . (e) c

Field at P is given by E, = -

| g : ' EO K,\' EO K](l'*'(XX)

Here, 0 is the surface charge density on the plates.

av (o]
o i ey K (1+ow)

V= odx _ odx | O d(l+ox)
" g K(l+ax) Ki&oQ l+ox| K g o (1+0x)

Thus the P.D. between the plates is

c d d(l+ox) c
=] K,eooc-[x=0 l+om) K o g (L+ad)

The capacitance per unit area of the capacitor 1s

B charge/unitarea _ O _ K,g,0
- P.D. v log,(1+ad)
Kﬂ - K )
Butk, =K\(1+ad) - o= ( = '
1

. . €, (K; - X))
Capacitance/unit area = TS
d 10g€[ = j
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48 PRINCIPLE OF THE VARIABLE AIR CAPACITOR

: [ternate

A capacitor is composed of a pile Of’:i p;at:;j(:lfliyer < of
polarity, each having an area 4, separated Dy ETh
dielectric of thickness o and dielectric cqnstant 3 iy
find its capacitance. Large standard capacitors consllst oate
large number of parallel plate capacitors in parallel. A te{nt y
plates are connected together and brought out to two insulate
terminals T} and T. , (Fig. 4.11).

1,3, 5, ..., n, plates are earthed. The plates 2, 4, 6, ...,
(n—1) are connected to a potential V.

The system is equivalent to (n = 1) parallel-plate
capacitors, connected in parallel, each of which has a
capacitance = ¢ oKd4ld.

The capacitnace of the system is, therefore, given by

f

KA
C=(n-1)2

The variable ajr capacitor or tuning capacitor is based on this principle.

49 ENERGY STORED IN A CHARGED CAPACITOR

Let q’ be the charge and V” the potential difference established between the plates of
capacitor at any instant during the process of charging. If an additiona] charge dy’ is given to
plates, the work done by the battery is given by

L~

the s»
e "

d
=V’ _ ql ’ 4
dw =Vdg —(—)dq o=l
C G
Total work done to charge a capacitor to 5 charge g is

q9
W=de=£quq'=%%2

This energy can be recovered if the capa

citor is allowed to discharge,
Energy Density. Consider a parallel pla

te capacitor of areg 4 and

plate S€paration 4
Energy of the capacitor = 7 = %CVz = 1( eoAJ 2

2\ d
Volume of the space between the plates = 44
Energy density u is the potential energy per unit volume,

u= i:.l_ MVz xL:lgo(z)
Ad 2\ 4 Ad 2 d

I
u=—g,E &
{ 20

[3S]

Thus we can associate an elect

. |
rostatic energy density u = EeoE
where an electric field E exists,
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o

Example 1. 4 co-axial cable consists of a copper core of | mm radius within an outer metal
- of 1.cm, radius separated by an insulating material of dielectric constant 5. What is the
ohee ance per metre length of the cable in pico-farad ?
i much energy is stored in 10 km length of this cable when 10,000 volts is applied between

How )
e and the sheath :

~ golution. The capacitance per metre length of the cable is given by

- 2me, €, =2><3.l4><5><(8.85><10“'2)
b 01
2.302 .
2.3026 X log,, (a) 2.302610g;, (6&)

=2x3.l4x5x8.85x10“2 i
T =120.7x1072F

The capacitance of 10* m length of the cable is
C'=(120.7x10712) x 10*=1.207 x 10° F.
Energy stored in 10 km length of the cable is

I ,0n 1.
U=-C p? =2 (1207 107°) (10000 = 60.35 J.

gxample 2. The capacitance of a parallel plate capacitor is 400 pico farad and its plates are
«eparated by 2 mm of air. (i) What will be the energy when it is charged to 1500 volts? (ii) What
il be the p.d. with same charge if plate separation is doubled? (iii) How much energy is needed to
Jouble the distance between its plates ? _
Solution. Here, C =400 x 10712 F, d=2 x 1073 m, ¥ = 1500 volts.
(i) Energy of the capacitor

I 1
= cy? = 5 (400 x 1072 (1500)% = 4.5x 107*J.

(ii) Charge on the capacitor
g =CV=(400 x 1012) x 1500 =6 x 1077 C.

Capacitance of parallel plate capacitor C = g, A/d
If d is doubled, the capacitance C” is halved.

C’=200x1012F
For the same charge g, let V'’ be the new potential difference.
g  6x107

= -C—”- — W =3000 volts.
X

’

(iit) The energy required to double the distance between the plates

= Final energy — Initial energy = %C’V’z Loy
2

:l -1 2 -4
5%200x107 x (3000)* - 4510

=9%10% —45x10™* =4.5%10™7,

E\'ample .; An is'olated m 1
Vs ‘ ) etal S he € WI’IOSL’ dlamete j ] ]
00+ s, } i ; pher ris 10 cm has a potentlal dlfference Of

ty at the surface of the sphere ?
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l g F
Solution. Energy density =# = 50

i = 4ne R
For a spherical conductor of radglj1 Ré (; . 0
Charge on the sphere = g = CV=4n

dne R 4me RP R
Here, V= 8000 volts ; R = 0.05 m.

1 Ez_lg V_2
u=580 _2 ()Rz

2
1 -12, (8000)
=— 1077) ———=
=3 X (8.85 x ) 0.05)°

CHANGE IN ENERGY OF A PARALLEL PLATE C

O
-~ THEINTRODUCTION OF A SLAB OF RELATIVE PERMITTI\
“S8 ¢, BETWEEN THE PLATES

Case (/). When the charge remains the same

€.8. when the capacitor is charged by connectin
battery, and the battery is then withdrawn.

(a) Without the slab, energy stored

=0.1133 J3

g the plates to the + ve and

2
2C 2e4

(b) Let aslab of thickness ¢ ang relative permittivity €., which fills the Space between the plates,

" be introduced. Now, '

Capacitance ¢ = €08, A/d.

With the slab, the energy stored ig

2
U= _ g'd .
2C" 2gie 4
Thus the ener

2 “~
U=9__ qz[(d-t)-i—(t/sr)] _ q° d_t(]_ I H
7 \
2C 2¢,4 2,4
Reduction in energy stored = {7 — ;-

2
20 (] -

= %
2e)4
Case (i/). When the potential remain

S the Same,
e.g., when the battery is kept connecte

d to the plates.
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W'thOUt the slab, energy stored
Wi

U=~;—CV2=150_4V2:M

2 d 2d

yon introducing a dielectric slab of thickness d,
(b,
g =Lopr 2 Lefd e g,€0dV”
2 2 d 2d
s the energy will increase by a factor €,..
Th b of thickness #, (f < d), is introduced, energy stored

Wwhen @ sla
2
2 2d — 11— (Ve,)}]
(o this case, U"> U
411 LOSS OF ENERGY ON SHARING OF CHARGES BETWEEN
" TWO CAPACITORS
Consider twO capacitors of capacitances C, and 4 B
C charged t0 potentials 7, and V,. When they are
iozmed by a wire, they attain a common potential V. IC/I
(Fig 412) ‘
v = Total charge  _ i+ G,
" Total capacitance C +GC, FIG. 4.12
Total energy of the two capacitors before contact
1 1
Ui =5C1Vlz “‘ECszZ (1)
Total energy of the two capacitors after contact
2
U =—(C, +C)V ==(C+C )\ —(~—~
2 2( 1+ ) 2( 1 2)\: C + G,
1 (C; +Cy)
_1 (G +GN) "
2 G +G
Loss of energy due to contact,
1 C V. +Cl,)
U, -U, :_C1V12 +-1—'C2V22 _l( W+ Gh)
2 2 2 G +G
= 1 2 2
C2(G +G) [(C +C) (G + ) - (G + AR
= _1___ 2772 2 2 2v72 2¢,2 74,2
T [q V2 + CCVE + OV + Gy =GV =GV = 2c1c2VlV2]
GG 2, 2
=———= _[V"+Vy =21V
GG,

=—12__ (-7,
2(G +C2)( 1=%)
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L it be less than U,. Hence there jg, ,
Since (1, ~ F,)° 1s always positive, U, must be : a/()‘“()fg

- , sars partly as heat in the connecting i ' €he
sharing the charges. The loss of energy appears l)qllly = N8 Wire ang fr@,’/‘.w /
lightand sound if sparking occurs. : : Uy )
[ ¢
0
of
412 FORCE OF ATTRACTION BETWEEN PLATES OF A CHAHGE f;F
1
PARALLEL PLATE CAPACITOR | 0 g
. P |
Let g be the charge on each of the plates, 4 be the area and d be tg o
the distance between them (Fig. 4.13). Let o be the surface charge it
density and £ the intensity of electric field between the plates. ] s
E = ole,. ¢ off
Case (/). When the charge on the plates is constant 0 - 1
Force of attraction per unit area between the two plates is equal to q
the outward electrical force per unit area on the surface of plate P, It is FIG.4.13
given by —
2 2 2
c /A | \
p= z(q )= ‘12=E oF [’-'E=E
28y 2, 2¢,4 g,
Force of attraction ¢ 1,
=F=Ap=——=—g ,E°4
between the plates 2604 2
C ase (). When the P.D. between the plates remains constant
In this case, a battery of EMF ¥ volts is connected across the plates of a capacitor. Now, £ = Vid
1 I (VY
F = —& EZA =—¢ | —
270 T (d) §
Thus we can find F if we know ¢ or £ or I/
Example. Calculate the force benyee
the plate i s'pj’(}() 7 ?',a-z h;: / ()',a I.M.we‘.n the plates of a parallel plare capacitor; when the areq of
p. : cm® each, the ;v:pzzf at1]0n 1;9 0.5 cm and they are charged 1o P, 1000 volss, 1
Solution. g, = 8.85 x 1012 C2N! ;2 4 = 300 « 10 m2 d=05x -2 m, V=100 yolis. ™
F o874 885%107) x (1000)? x (300 x 1074 .
- b} - — -3 0y
2d° 2% (05x1072)? =33x107N )
4.13 TYPES OF CAPACITORS I
(a) Guard Ring Capacitor. In a parallel plate capacitor, , b
the electric field between the plates is not uniform near the (l i tq G 0
edges. This is called the “edge effect” or “fringing . The expression @ @
= €,4/d is only approximate. This is avoided by using a guard )
ring. The circular insulated plate P is surrounded by a circular : 1
coplanar ring G. The inner diameter of G is slightly larger than =
the diameter of P (Fig. 4.14). The air gap between P and G is very FIG.4.14

small. The diameter of the plate () is equal to the outer diameter of G

cdge of the guard ring. The effective area of the platc — A Area of the plage Pyl
i - ) Area of the
circular air gap between Pand G. C = g(r‘”‘/- This is used as an absolute standar of ‘
) - ance.
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Mica Capac.itor.s. A schematic diagra

. iplate capacitor is shown in Fig,
0 a'sts of a number of parallel plate
cons! el with the alternate metallic foj
in pAr § cach. Mica is used as the die

Metal foil
Mica sheet l

mul

e € )
of citance Of such a system is C = ne el Whwhera e &l ——————— e
cﬁ‘P the number of CapaCitorS grouped in gl Y~ =/ of - - terminal

S

TI lthe sul'face area of the plate and d is the N RaNwer e, S| Tomomm -
S

each mica sheet. ‘ . :
0 o A fixed capacitor of this type is commonly —_.-
used in radio sets. S—

o Fig. 4.16 shows paper capacitor. It is of the parallel plate
type. It is made using strips of aluminium foil with waxed
paper as dielectric. Two large rectangular metal foils are
interleaved between thin sheets of waxed paper. The end L
of the sandwich is rolled towards M to form a cylinder. Each
metal foil is connected to a terminal wire. The capacitor is
dipped in wax to preserve the insulation.

e When capacitors have to be used in high frequency

circuits subject to wide variations of temperature, ceramic
capacitors are preferred. In these, a ceramic material (e.g., FIG.4.16
hydrous silicate of magnesia or talc) is used as the dielectric.
A silver coating is made on the two opposite faces of a thin disc of such a material. The
coatings serve as the plates of the capacitor. Leads are attached to each side of the disc.
The arrangement is encapsulated in a moisture proof coating. These capacitors are used as
bypass capacitors and coupling capacitors in electronic circuits. '

(c) Electrolytic Capacitor. It consists of two aluminium electrodes A and C dipped in a solution of
ammonium borate (Fig. 4.17). On passing a direct current, a very thin film of aluminium oxide is tormed
on the anode. This film is an insulator. The arrangement can now be used as a capacitor with the anode as
one plate, the solution as the other plate, and the aluminium oxide film as dielectric. Since the dielectric
layer is very thin, the capacitance of this arrangement is very large. This capacitor must be placed only in
aD.C. circuit. It cannot be used in an A.C. circuit.

(d) Variable Air capacitor. It consists of two sets of metal plates, one fixed and the other
movable (Fig. 4.18). The fixed set is semi-circular in shape. The movable set is like a cam and rotated
with knobs. All the fixed plates are connected to one terminal. All the movable plates are connected
to another terminal. Air is the dielectric. By rotating the knobs, the area of overlap between the two

A C
Anode 4 _ ,
__»_ +
- - / _____ -——
B == i
F<p----- - —t~— Ammonium
:zZE ---77Z1 Borate Solution
)
Aluminium oxide r T
FIG.4.18

FIG. 4.17
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-. acitor changes. These ¢y, .
“plates is changed. Thus the capacitance of che cap g apacu()rs \,
sets of plates is changed. Thu . L T areww
used in the tuning circuits of radio receivers: 05 '

Uses of Capacitors. TR AW ' IMinaf;

) They s d'MimemmMWW@w%%mmmw@mM%mk )
o AT n di g1'rcu1'ts for tuning, to redue voltage fuctuations in p er K
. = ’ k] : ..

(77) They are used inra 10 circu. A currént power transmissjop Supmie‘
and to increase the efficiency ardlioms mgf { tic oscillations of b; h 3'
(ifi) They are used to generate and detect electromagnetic o 180 freqy,

(iv) They serve as usefy] devices for storing elec_tric energy.
(i) ELECTROMETERS |

4.14 KELVIN’S THE ATTRACTED DISC OR ABSOLUTE
ELECTROMETER

' : 2 0!
Principle, The instrument is bageq on the force of attraction 1~ P
between the plates of 3 charged paralle] plate capacitor.

ncy_

bs

Constructlon It consists of 5 guard ring, paralle] plate ;l)el

air capacitor, p and Q are two circular meta] plates paralle] to

each other (F 18.4.19). A guard 1ng G surrounds the plate P

The plate p SCrves as the attracte disc. Sisa Spring attached : tat

to 2 P can pe moved up or down by using the micrometer oft

SCrew N. P.and G are Joined by a metal wire

at the same potential. O cap pe raised or lo

ofa micrometer screw 1/ The distance b

or lowered js Mmeasured on the scaje R effe
Theory, [ et the plates Pang Qbe connectedt potentials 1

Vp and v, respectively. Let o pe the distance between p and FIG. 4.19 Ping

Q. Then, the electric field £ between the plates P anqd Qis — posi

E= —Vq)/d (1)

where 4 is the “effective area” of the plate P, 1

2F ;
Vo= Vy=d |- 0
£, 4

Measurement of Potential Difference between Two given Points

(1) The plates P and Q are connected to the carth so that the P.d. betwee, the plates s zero.
A small mass m is placed on the plate P Then P is depressed below the plane of G. The plate P is
brought back to the same level as G by adjusting the screw V. 5 | T
(71) Then the mass js removed. The pIale.P goes fibove the level of ;. ‘ i
(#if) The plate P is connected to a potential )/ Q IS connec/t;d to t(;net (;)f the p0t§ntial points, say
V,. The position of O is adjusth with the help of theﬂsuew > S0 that P comeg i, level with the 4‘15
guard ring. Then, force of attraction between P and O = mg.

icrometer i ot he distance between p 4 _ . R

The reading R, of the micrometer is noted. Let d, bet Q. Then SQpaml
2m o C()nn

V¥ =d |8 ) e

€4
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. the plate Q is connected
. Fmally’ Cled to the ¢ : il i 3
W in adjusted so that P comes in level Withccond point whose potential is V,. The position of

0" agiet the distance between the plates be d, ;T]eeﬁuard fing: Let the reading on the micrometet

pe i
V_V - ' 2mg ..
2 =d, ’%7 ..(iD)
U),(,'j) gives, V-7, = (d, - d) 2mg
€4

1V — 2
v, Vl—(Rl‘Rz) <mg (v d —dy =R —Ry)
\/ €y4

ing mg, A and th in mi - .
Thus knowing 7g e change in micrometer screw reading, the p.d. between the two
ints 18 calculated.

pD. i obtained in tems of abso]ute quantities like force, length and area. Hence it is called an
ghsolute electrometer. It is comparatively less sensitive than the other forms of electrometers.
petermination of l.lelatlv.e Permittivity of a Material (in the form of a parallel slab).

A potential 7, 1? applied to P and a potential V, to Q. The distance of Q from P is adjusted so
fat Pisin @ level with the guard ring. Let d be the distance between P and Q. Then the capacitance
of the capacitor is .

C=g,d/d (i)

The given slab of thickness 7 and of the same area as the plates, is placed on the plate Q. The

ffective air distance between the plates decreases by an amount t(l - L] . The force on the plate
€

r
pincreases and it moves down. The plate Q is moved down until the plate P goes back to its original
position. Let x be the distance by which the plate Q is moved.

Now,
€4

A

The capacitance of the capacitor in the two parts (with and without the slab) are equal. Therefore,

C= ..(ii)

€4 _ €94 t
7— = 1 or x=t _g_
{d—t[l——j+xi\ !
8"
e = ! ..(iii)
t—x

The thickness of the slab 7 is measured by bringing the plates in contact with and without the
Sab in between these two. Thus g, is calculated.

45 THE QUADRANT ELECTROMETER

: Construction. Tt consists of four similar hollow metallic quadrants A4 and BB supported
Coiafately on amber insulating stands (Fig. 4.20). The opposite pairs of quadrants A4 and BB are
) Mected together by fine copper wires. A paddle-shaped aluminium needle N with two wings
~ 1S suspended symmetrically between the four quadrants by means of a torsion fibre made of




%ﬁ?’

126 Electricity and Magnetism

phosphor bronze. The deflection of the needle is measireghzlglh(t)};e
help of a mirror M using the lamp and scale arrangem.en(.i o e
arrangement is enclosed in an earthed brass case provide Wi glass
windows to make observations. The base of the instrument is provided
with levelling screws. ; .
Working. The needle N is usually kept at a constant high potgnnfql
V., by connecting it to the positive pole of a H.T. battery whose negative is
earthed. When the two pairs of quadrants, 44 and BB, are charged to the
Same potential, the needle rests symmetrically between them. If they are
given different potentials, say V and V, such that V,>V,, then the needle
deflects from 4 quadrants to B quadrants. This deflection is opposed by
the torsion of the suspension. At equilibrium, the torsional couple is

equal and opposite to the deflecting couple. The deflection 6 is proportional to the Potentia] iff,
{

v, - V).

Theory. Let V, be the constant high potential
applied to the needle (Fig. 4.21). Let the pair of
quadrants 44 and Bp be connected to points at
potentials ¥ and V, respectively. Let V>V, The
needle will get deflected through an angle 6 from
the pair 44 (at higher potential) to the pair BB (at
lower potential). :

The quadrants 44 and the needle N form a
parallel-plate capacitor at g potential difference
v, - V). The quadrants BB and the needle
form another capacitor at a potentja] difference
V,=7,). '

Let 7 be the radius of the needle. With the
deflection of the needle through ap angle 0, a

surface area lr29 of the needle is transferred

A= 4><21r29=2r29

The shift in area causes an increase in the capacitance of the B - capacitor given by

€gd _ 2r'6g,
C = —_— = —
; d d

where d is the distance between the surface of the needle and the top or

bottom of the quadrants.

The capacitance of the 4 — N capacitor decreases by the same amount,

Therefore, the increase in the energy of the B — N capacitor
= 21 X 8C x (P.D.)?

I 2r2980
=—X
2 d

)
X, =V ==L, -1,

Similarly, the decrease in the energy of the 4 — N capacitor = 7

80 (Vn - Vu )2-

0
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et increase in the energy of the system = ’%\% 2 3
, uinrease T e SnErRy of 7 (=1 =, - V)]

[ addition to this net gain in electrical potentia]
energy,

ion fibre b work has also to be done in twisting
e uspension re by an angle 6. It is given by it twist

1
i 58" where ci ing couple per un
uspension fibre. ) ¢ is the restoring couple P

Of the S

(D)

total energy gain = l 2 B
Al (A AAY!

Azrtc};e capacitance of B — N capacitor increases by 8C, it draws a charge 8C * v, - V) from
the SOUT>*
. Energy drawn from the source at a constant pd.(V -V, is
d.v,-v,

= charge x potential difference
=QBCxW, -V x W, -V,

_2r76g,

d
Similarly, the 4 — N capacitor, whose capacitance decreases by 8C, restores to the source an
amount of energy

X(Vn - Vb)z.

2r2680

= d x (Vn - Va )2 .
net energy drawn from the source
2r’0e g
= 0~V =0V} i)
This must be equal to the total energy gained by the electrometer. Hence equating (7) and (i1),
we get
1, rieg, ) b 2r%g, ) ,
Ece +_—[(Vn—Vb) —(Vn—Va) ] = [(Vn_Vb) _(Vn_Va) ]
1 r*0e
or S0 = =, =) =, = To)’]
2
V. +V,
d 2
4r'e v+,
or ' 0= CdO(Va—Vb)liVn_ 2 bil
K, %
0= k(V, —Vb)[Vn - b}, i)
: 2
where = 4rgy
cd

There are two ways of using the electrometer. ' | N
(a) Heterostatic use. The heedle is charged to a very high potential which is very large as

compared with ¥ or Vy Thus (V, + v b)/2 is negligible as compared to V.
0 =KV, (/- )

Qo (V= V).

Eq. (iii) reduces to

Le.

>




T

. . ; o the difference of Ppoteny;
Hence, the deflection of the needle is dzrecZy prOt,II:z” g:t’;:‘ll; tz e ion ol POtentialaé: iﬁf
X _ _ _ :
the quadrants AA and BB. This method is used fo ere
only. : equal to ¥, by connecting the needje
(b) Idiostatic use. The needle voltage V, is made eq a i 9
quadrants. Smaller potential is given to BB pair.
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t,

th
th

k
Eq. (i) reduces to 0 = E(Va =V )?

So both steady and alternating potential differences can be measured since (- Vi is alWayS
posnll\\ii;lsurement of ionisation current. The quadrant e.lectrometer used heteroitgtica
most suitable instrument to measure ionisation currents whlgh are of the order of 1() A
Experimental Arrangement. The arrangement' consists of an earthed metgl chamber i
containing some gas and two metal plates P and Q msulat.ed from the chamber (Elg, 42y e
plate P is connected to the positive terminal of a high-tension battery whose negative tel‘mina[ )
carthed. The plate Q is connected to one pair of quadrants 44 of th.e.electrome_ter, The othey bair gy
is earthed. The needle of the electrometer is charged to a high positive potential. :
Working. When the gas in the chamber is lonised, negative ions move toward the

positive ions move toward Q and thus an ionisation current is set up. Let g be the charge
O at any instant ¢. Then the ionisation current

HT
S [ »—1
Ionising P 1
radiation =

e |W gas (0]

lly j e

plate P’ the
On the ply,

To high
potential

d av
=alh=c dr
If O is the deflection of the needle at any instant,

0=ky, where £ is 2 constant

=2,

k

A
B i E(@] .
at  k\ g
db/dt is found from the slope of the graph between 0 and ;. The capacitance C.of th
is found from a separate experiment. The constant k is also previously determined

ef
¢ electro™ e;
by calibr all

P
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m ~hic T .
ectro pe of this graph gives k. Hence i can be found out.

e fvi:en gand V. Th¢ i
f |
“ ELECTAIC CONSTANT OF A SOLID-HOPKINSON'S NULL

416 METHOD

¢al Arrangeme“t- This method is applicable to solids available in the form of a

imen S
er“:]tions re made as 1 F1g..4.23. The needle'of the quadrant electrometer is given a
" nneé o VuSing a battery. C,18 ? variable CapaCItOf. C, is a guard ring capacitor in which
"‘ms ’ potent‘ Jate is MOVA le. The distance through which the lower plate of C, is moved can
the I .d p Hicrometer SCrEW 4/ The mid-point of the battery B, is earthed so that its end
I dusing @’ d — V with respect to the earth. Using this arrangement

> med i1 differences +Van . ! i
b e keptal poterlé1 can e charged to equal and opposite potentials by pressing the key K.

> capacit rs he capacitors charge the quadrant electrometer. If their capacitances are also
' e their charges will become equal and the electrometer will show

on eI ably varying C1
qade €q4 .bns,lsl:) theymethod is called a null method.

FIG.4.23

] on pressing and releasing

Working. The capacitance of the variable capacitor C,is adjusted til
ition of the lower plate of

the key, there is no deflection in the quadrant electrometer. Now the pos

C, is read on the micrometer scale.
The dielectric slab of thickness ¢ and dielectric constant (relative permittivity) €, 18 introduced

between the plates of C,. As a result the capacitance of C, increases. The lower plate of C, is moved
tl the electrometer shows null deflection. Now the capacitance of C, is equal to that of C. The
distance x through which the lower plate of C, has been moved is measured using the micrometer
screw. Let A be the effective area of guard-ring capacitor plates and d the distance between them.

Calculation. Capacitance of C, without the dielectric = fod
d
Capacitance of C, with the dielectric = &4
(d +x—1+ L
But th i i N
e capacitance in the two cases is the same
Hence, €d _ &4
i e
d
(d +tX—t+ l
€,

—_—

€

Iz

d=d+x—¢+ t




