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FLECTROSTATICS

{.1 Electric Charges .
Thales of Miletus (600 B.C.) discovered that when some dry
materials are rubbed with others, they begin to exhibit attractive
property. For example if amber (or glass rod) is rubbed with silk.
- is found to begin to attract smail pieces of dry paper,tin-foil and
other light materials. On the other hand, when ebonite (or hard
rubber) is rubbed with fur, this attractive property is again
experienced, but the nature of this property is different in the two
cases. For example if two rubbed glass rods are suspended with
silk thread,and gradually brought close. to each other, the two rods
are found to repel each other. The same repulsion occurs if two
Tubbed ebonite rods are brought together. But if a rubbed glass
rod is brought close to a rubbed ebonite rod, both will attract each
-other. Thus the attractive property of each rod is opposed in etfect

to the other.

‘The property responsible for this attractive or repulsive property
' Franklin (1706-1790) was the first

is called a charge. Benjamin -
tive and negative to the charges on

_scientist to give the names posi ' | o
‘the rubbed glass and ebonite rods respectively. The negatt

. L n nn
‘charge is called electron, (a electro
for-amber. ..

ken from the Greek word,

| e : jals are
Generally if two positively or negatively char%ed -n?i;igivelv
brought close to each Other, they repel, whi Z af{ o Gt hev
charged material is brought near @ negdﬂvet)’ charg

attract. This is called the
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LAW OF CHARGES and states {ha: "like charges repel ang
unlike charges attract”.

It is important also to note that charge can neither be created nor
destroyed by any physical or chemical process. Thus the oy
charge of any matter is conserved.

O O 9

(i)
Figure 1

(i) Uncharged balls suspended with silk.

(ii) Like charges repel. The ch : .
negative. charges can be both positive or

(iii) Unlike charges attract.

2
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(harges can be stat ionary or in motion. When they are stationary

ey are cal!cq stfmc charges or static electricity, The study o‘f
qatic clectricity 1S _ca.llcd electrostatics. When charges on the
wther hand are in motion, they form electric current.

The smallest quantities of positive and negative charged are found
in an atom. The smallest positive charge is. called a proton and
is located at the centre of the atom called the nucleus. The
smallest negative charge on the other hand is called an electron
and orbits the nucleus of the atom. ‘

Hence charges fundamentally are properties of the electron and the
proton. Specifically a charge can be described as that property of
an electron (or proton) which causes it to experience a repulsive
or attractive force when brought near another electron (or proton).

The charge on the electron is equal to that on the proton in
magnitude, but opposite in eftect. '

When an atom contains equal number of electrons and protons, it |
becomes neutral in charge. The atom becomes charged when one |

charge is in excess of the other.

Small particles and bulk matter are made of atoms and therefore
contain charges. If such bulk matter contains equal amount qt
positive and negative charges, it becomes neutral in state. It is
said to be charged if it contains one charge inexcess of the other.
If it has excess positive charge, it is said to bé positively .charged,
while if it contains excess negative charge, it is said to be

negatively charged.

nucleus of the atom

the nucleus as stated
le contains only on¢

3

The proton is usually firmly bound to the
while the electrons move in orbits round
above. A normal hydrogen aiom for examp
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proton located at its nucleus, and one orbiting electron. Such atoms
with tfew electrons and protons like helium, lithium etc are saig to
be light. In heavy atoms like uranium, we have 92 protons and 97
electrons in its neutral state. The protons are all concentrated at
the nucleus with 142 neutrons. The neutrons carry no charge and
are said therefore to be ncutral in charge. A neutron has
approximately equal mass and size with a proton.  The
arrangement of the electrons in such atom is such that while some
are n the inner orbits of the atom and are more strongly attracted
to the nucleus, others are in outer orbits and are more loosely
bound to the atom. The outermost electrons of such atoms are
very loosely bound and can easily be robbed off. When amber (or
glass) therefore is rubbed with silk, electrons are rubbed off from
the amber and get attached ta the silk so that the amber becomes
positively charged while the silk becomes negatively charged. In
the case of rubbing ebonite (or hard rubber) with fur, electrons are
rubbed off the fur, and get transferred to the ebonite so that it
becomes negatively charged while the fur becomes positively
charged. This is called charging by friction.

1.2. Conductors, Insulators And Semiconductors.

In some materials like copper, silver, gold and metals in general, the
human body. the earth etc, surtace electrons of the atoms of such
materials are loosely bound and free to move from one atom to the other,
especially under certain potential conditions. Such materials are called
conductors. In conductors, electrons flow (ie electric current) from one
point to another if there is potential difference between the two points.
This electronic motion is from the point of lower potential to that of
higher potential. Usually this electrical conduction decreases as the

temperature of the conductor increases.

In another class of materials like glass, ebonite, etc, the electrons
associated with each atom are bound to the atom. Even though their
surface electrons may be rubbed out of their atoms, they are strongly
fixed to their individual atoms and cannot move from atom to atom.

4
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Jerials are called msulators.  Examples of insulators are glass,
ponite, silk, fur, wool, polytene, cellulose acetate, perspex, elc.

qween conductors and insulators, we have semiconductors like
l{l_m ermanium, boron, arsenic, antimony ctc. [n these materials
5’!{"?::2 :11 conduction increases as temperature increases.
giCeitims
1.3 Coulomb’s Law. ‘

"5, Charles Augustine de Coulomb (1736 - 1805) swdied the
in i forces between point charges responsible for their attraction or
dw;::on an;i came out with Coulomb’s faw which states that whenever
;‘;‘;u{;‘,u {stulated point charges g, and G are placcq a small d:‘:i.tfltl"l('lc.t:
apart. there exists always an electrostatic force hfi[wcf:fl t_hetn W LL d:l-
Jlong the axis joining the two charges, and that this f“""*‘fj IS \:;::ely
proportional  to the prndu‘ct i.lt .lht: lw.n rch'dl'ge& and mversely
proportional to the square of their distance apart. |

Hence F,a« -
ic £ ' ' aonitudes of the
where F. is the electrostatic torce. 4, and ¢, are the magnitu

. ; » 1 "¢ e€s.
charges and r is the distance hetween the point charg

s« artractive. while
If the two charges are unlike, the force between [hc-n:l dlfs zftr:::w:qual -
f they are like, the force 1 rcpu.lmw-‘ In qtlhz;,— on ¢, due to g, but
magnitude. the force on g, due (0 Q1 equd t;ll 3 -
they point in opposite directions 4y shown 1n T1g.
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(i) | : (ii)
Fig. 2 (i): Attractive force between two unlike charges.
F, is due to q, and F, is due to q,.

(ii): Repulsive force between two like charges.

From the proportionality relation of Coulomb's law,we obtain,

k q, q
F = — (L.1)

€
r
where K- is a proportionality constant found to be equal to

! |
------ . where ¢, is called the permittivity of free
47 ¢, space or vacuum, and has magnitude 8.85418 x 10* C* N m”

-

1 Q¢ —
Thus F, = --- —— (12)
dme, T
where se-—e has magnitude 8.99 x 10° Nm* C*.
4we, '
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V;-ctnrially we write
Fz ) 4ne ' F3 r (13)

¢, can also be measured in farad per metre (Fm™), and its value s
que for vacuum only-  For any other denser medium.the
pcrmittivity increases as medium density mcreases, and is now
generally represented by e.  Such mediums possess a property
called dielectric constant K, where

K; = o (1.49)
- €
Hence ¢ = K, €. (1.5)
For vacuum, K, = | so that ¢ = €.

For air medium at s.t.p., K, = 1.00054.

Hence for air, ¢ = 1.00054 ..

¢ for air can therefore be approximated to ¢, (for vacuum). For

mica medium,
K, = 7 while for pure water, K, = 80.

Thus if two charges are kept the same distance apart in air and In
water. the electrostatic force between them in water shall be
reduced 80 times the magnitude of the force in air (or vacuum).

Generally we express the force in the form

7
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For air ¢ = ¢,, and for water ¢ = 80¢,,.

T ¢ 9,
Hen-e for air, F_, = " (1.7)
dre, r’
1 9 9
whikefor water, F, = = —eeee, e (1.8)
- | 47(80¢e) rT
1 -1 q q;

H

s ———— ey
-

80 dre, rr
= 1/80 F,.

We note that the unit of charge is Coulomb (C) which is defined as the
amount of charge that flows through a given cross-section of a
conducting wire in one second due to a steady current of one ampere

tlowing in the wire.

Thus q = it (C) (1.9)

where i is the quantity of current flowing through the cross-section of the
wire for t seconds. |

{.4 Solved Examples:

estions, 1
(For all qu = (9.0 10 No? C)

— —— —_—

de,

of mugniréde + 32x10"C and + 4.8 x

.1: Two charges
Example 1.1 rt. Calculate the force between them when

J0*C are placed 10mm apa
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ution: '
sol For air medium

(i)

where

Hence Fo =

(i)

hl
Ky,

7\ (”'[) pld(
arracti

vV, = — - - -

L

r:

e of repulsive?

1 G %

wd tin (i) air (i) a liquid of diclectric constant, 20. Is the

8 (1.10)

dxe, e

qg =t 3.2 x 10° C.
= + 4.8 x lﬂ”C
10mm = 10 x 107m.

9:10’:3.2“0-":4.33:1&"

(10 x 10°Y

9x32x48x 0=

13.24 x 107
1.38 x 10 >N.

|| I T 1}

For the given liquid medivm.

1 4, Y

-

1 1 gy Y2

50 dre. T

p—

1/20 ¥

Il

(1.1
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1
- x 1.38 x 10

20

- 0,069 x 10N,

Note that the signs of the charges are not involved in the
:alculation. The signs determine whether the two charges are like
or unlike, and therefore the force between them is repulsive or
ttractive respectively. If the signs of the charges are employed in
the calculation, then a final positive force will imply repulsion.
while a final negative force will imply an attraction.

In the case above, the two charges are like and therefore the force
IS repulsive.

Example 2: Two equal and opposite charges are placed 40mm

apart in air. If the force between them is found to be 0.5N,
calculate the magnitude of each charge.

Solution:
F=_1 " qq
dx ¢, . “;3"‘ - (1.12)
2
S S 9
- dx ¢, . r -q
where r = 40mm = 40 x 1 m,
i 9 x10° x ¢
co 0.5 = : o=
(40 x 10)?
0.5 x (4 x 10%)?
¢ = -
9x 10°

1C
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0.5x4x4x10*

9x10°
8 x 101

9
0.89 x 10

8.9 x 10

g =89 x 107

2,98 x 10°C

Examples 1.3: Charges are placed at the corners of a square of side a
as shown in fig. 3. If ¢ = 1.6 x 10°°C and a = 10mm, calculate the
resultant torce at the lower left corner of the square, and its direction.

11
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Solution: This problem should be solved in StEPS.

es and label the charges conveniently,

. " . har ;
Step I: Draw the system of ¢ gn the lower half corner with their

Then draw the forces that act 0
directions indicated.

Step-2:Calculate the magnitude of these forces

Step 3: To find the resultant force at the lower left corner, resolve‘ the
forces Tmito two cohvenient perpendicular ‘directions (Say F, and F, in x
and y axes respectively). T |

Step 4: Draw F, and F, and hence calculate the magnitude and direction
of Fg (the resultant foice).

Step I: Draw force diagram as shown in fig. 4.

12
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From the force diagram, there are three forces acting on 4. These
clude F,, = a repulsion

F, = an attraction .

F,, = an attraction.

S‘ep 2.' o CalCUIate Fl4! F24 and Fu

1 Go 29
Fu = K (1.13)
4xe, -
1 6q’
4x e, a’
= 9x10’xﬁxl.6xlﬂ’"xl.6::10"’
(10 x 10%?
- 9x6x1.6x1.6x10%
= 138.24 x 10N
1 @ Q9 .14
F, = e
! 4x €, r
snce si as a, then
where r is the diagonal of the square. Since side is given
P = at +a® =2a.
." r= Vz. .
J @ Q9 (119
Hence FH = .
dre, (227
13

Scanned with CamScanner



9x10°x2x 176 x 10 x 1.6 x 10°”

1

2 x (10 x 10°)

9x1.6x 1.6 x 10

I

= 23.04 x lﬂ'“ N..
1 QQQeY .
Fy, = | ‘ (1.16)
4xe, a'

= 9x10°x4x1.6x10" x 1.6 x 10"

(10 x 107)*

I

9x4x1.6x1.6x 10>

= RI6x10°N

Step 3: Suppose F,, makes an angle 6 with x-axis as shoWn Thus
since the figure is a square, 6 = 45°. | |

Fx = FM + Fu COS 0 (l ]7)

92.16 x 10 + 23.04 x 10 Cos 45,

92.16 x 10% + 16.29 x 102

(92.16 + 16.29) x 10

108.45 x 10N,

14
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F = -F,, + F;, Sin 45 (1.18)

- 138.24 x 10% + 16.29 x 10*

= - 121.95 x 107 N.

Step 4: ¥, F, and Fy are shown in fig. 5
(1.19)

Hence F,2 = F,> + F

= (108.45 x 10%)* + (-121.95 x 10%)?

11761.40 x 10" + 14871.80 x 10
= (11761.40 + 14871.80) x 10"
= 26633.2 x 10

Fy = -163.20 x 10* N.

15 .

—
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If Fy makes an angle o with x-axis, then tan o = F./F,

I

121.95 x 10*

108.45 x 10

= 1.1245.

- . a = tan” (1.1245)
o = 4835
‘Example 1.4: -
(1) A neutral copper coin has mass of 20gm. If copper atom
has positive nuclear charge of 46 x 10"'°C, calculate the
total electronic charge in the coin. (The atomic weight of

copper is 64gm per mole while Avogadro number is 6.0 x
10** atoms per mole).

(i) Suppose a current of 0.9A tlows through an electric bulb,
tor how long shall all the clecirons i this conn s ipply
current to the bulb?

Solution:
First of all, we need to tind the ol number of copper atoms n
the coin. To do this, we employ the relation

N m

= e (1.20)
N M

where number of atoms n the comn
— Avo. No
mass ot the comn

= Atomic weight of copper

=322
r

|16

- |
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N = 20/64 x 6 x 10®

= 1.875 x 10® atoms. °

Since the co_in Is neutral, then total quantity of -positive charge
=total quantity of electronic charge, = -

Hence electronic charge per atom
= 46 x lO""C.. +

Therefore total quantity of electromc charge in the coin, Q, is
given by

Q = 1.875 x 10 x 46 x 10"’

= 86.25 x 10°C,

(i)  Since q = it,
Then 86.25 x 10* = 0.9 x t.

. t = 86.25 x 10*
N 0.9
86.25 x 10*
6.2 X 60 x 60
0.0266 x 10* Hrs.

sec.

Hrs

H

"

266 Hrs
17
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= 11,08 _days.

Calculate the magnitude and di_rccti()n of the
er right corner of the given system of
where ¢ =1.6 x 10°C, a is.

Example 1.5:
resultant force at the low
triangular charges shown in fig. 6,

4cm and angle A is 40°.

Solution:

il orc -
:mgles necessary for the Calculation e nd the inclusion of the
OWer right corner include F
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F;, = an attraction.

Step 2: Calculation of F,, and F,,.

1 (q) 2q) |
s I (1.21)
47 e, (2a) -

1 6¢
dr ¢, 4 a°

9x10°x 6 x 1.6 x 10° x 1.6 x 10°¢

4 x (4 x 10°%)?

19
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64
= 21.6N.
1 (29) 2q)
F, = =—. = (1.22)
| 47 ¢, a’
1 4 ¢
g a?

= Ix10°x4x1.6x10°x 1.6 x 10°

S—

4 x 10%)?

9x1.6x1.6x 10

4
= 57.6N

Step 3. Find E..
To find Fr, we show F
F, as a resultant diag
Cosine rule ¢ determ;j

i2and Fy, ip paral] :
elogram of fo
onal as show 8 rces, with

ne F,. "infig. 8. We then apply
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Hence from the diagram, . |
FRZ == F[Zz + F322 - 2 Flzp..FJz COS 70'

21.6 + 57.6* - 2 x 21.6 x 57.6 x 0.3420
466.46 + 3317.76 - 851.01

2933.31
F, = 293331
=  54.16N

‘Step 4: Finding the direction of Fp. To determine the direction
of Fy. we find 6 from sine rule.

- (1.23)

21
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F,, Sin 70

- - - -

Fy

Hence Sin 8 =

21.6 x 0.9397

-

54.16

= 0.3748
Therefore, # = Sin™ (0.3748)
= 22°,

1.5 PROBLEMS. [
(For all questions, = =9.0x 10’ Nm’C?)
4r ¢,

l.5. '
5.1 Two point charges of magnitude + ] ¢ x 10°C and -6.4 x 10°C

are separated in qir b '
: Y a distance of 4 sl
Mmagnitude of the force berween them J dem. - caleulate th

1.5.2,

q’l
(.-""""-—-.___)-"3
27 ¢, mg

X =

angle deflocy;
Such that tan § = g;, B Slection g of each ball from the centre

22
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1.5.3. Each o{ o ;Phcres are charged negatively, the combM
charge being -3.2 x 10°C. |f eqch Sphere is repelled from the
other by a force of 0.45N when they are 20cm apart, calculat
the charge on each sphere, ' )

1.5.4. A square of sz'afe- a has two like charges each of magnitude + Q
on opfposzfg sides of the square, and two unlike charges of
mggmtu_de t q and - q on the other opposite corners.
Determine expression for the resultant forceon Q. = :

1.5.5. Three point charges of magnitudes + 48 x 10°C. - 3.2 x 10°C
and - 1.6 x 10°C are placed-in order on the three corners of an
equilateral triangle of side 2cm. -Calculate the magnitude and
direction of the resultant force on the smallest change.

1.5.6. Two charged water molecules carry éharges + 6.4x 10" Cand
+ 1.6 x 10" C respectively. Calculate the electric force

between them if they are Smm apart.

(e, = 80 ¢,).
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ELECTRIC FIELD INTENSITY, E.
2. I : Deﬁniﬁon ' ) . .
Electric field is defined as the region within which electric fonfe
is experienced. It is usually created by the presence of cl'ectrlc
charge. The magnitude of the electric field intensity (or simply
electric field) E, at a point, is defined as the electric force per unit
charge at that point. Thus if the magnitude of the charge at the
point is q,, then

F.

& = - 2.1)

| q, ‘

Hencc? the unit of E is Newton per Coulomb (NC'). E is a vector
quantity, and its direction at any point is determined by placing a
positive test charge there. The direction of motion of the positive
test cl?arge.ls the same as the direction of the field at that point

Thus if a field is due to a positive charge, then when a poiitlinvté

Thus the direction of the field dye i will be repelied away.

" o 4
| ounﬁard,away from- the charge. On the other h;.)l?; lt;\g 'tlc::a:ags: t:;
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Outward field of a positive charge
Inward field of a negative charge.

2.2. Electric Field Due To A Point Charge.
Suppose we want to determine the electric field ata point, d_ls;aicg
r from a charge +q. Then if we place a positive test cha;ge do
at that point, the force between the two charges is given by

b 4%, @2)
F, o= e o

dr e, ._'fz'
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int is therefore piy,
.. field at that pol en
f the electric

The ma_gnitude 0
by F.
E = -
4,
1 qq |
B d7e, r? Q.
| q '
. 2.3)
dre, I |

2.3. Electric Lines Of Force
An electric field is usually mapped out with electric lines of force.

. € lines jp
POsItive charge the flux | Such Case are called flux lines. For a

- 1Nes diver
© 0T 2 negative . 8¢ outward from the charge,
elec}nc flux Pattern fq 8¢, they Converge on the ch rge, The
In fig 10 " Varioys ¢ arge.

Arge configurations are shown
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Fig. 10

{i) Isolated + ve charge.
Flux is symmetrically
owtward (divergiag from
the charge).

Uil Two wniike charges of aqual
magaitudes. Flux flows
from +ve to -ve charge.
Symmetrically.

{ii} Isolated - =& .“""'
Flux is symmetrically inward
feonverging om the charge).

|

fiv)] Two like charges (+ve

of equal magnitudes, Flux
shows repuision of lines of

force with neutral point at

the middie. (For two -ve charges,
flux has the same patters bot
direction of hines of foree &r¢

reversed.
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l
., v/ Twe unlike charges of unagqual (vij Two like charges of

i{ magnitudes. Flax pattern is unoqual magnitudes. Flux is
|

|

skewed tewards charge of also shewed with the newtral
smaller magnitede. poiat gearer the smaller charge.

viii) A sniformly + vely
charged hollow cylinder..
Flux is symmetrically
Outward. No flux appsars
Within the cylinder.
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—

lix) Two parallel plates carrying 'éppm'tc charges.
Flux is eniform and parallel in between the
plates but show distortion ‘at the ends.

2.4. Properties Of Electric Fiux

There are a number of properties associated with electric flux and
these include:

(i) They do not intersect at points in space where there
are no charges.

(i) A flux line begins at a positive charge and ends at
| a negative charge or at infinity. -

(iii) * The number of lines of force (electric flux) N per
unit area, crossing a surface area p[aceaf at ng{u
angles to the direction of a uniform electric field in
which the surface is immersed, is at every point
numerically equal to the magnitude of the electric
field intensity at that point.

(2.4)

]

- Thus E, = N/A
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Hence the total electric flux Crossing a surface g given 4
y

¢g = ExA 2.5
The unit of electric flux ¢y is N m* C™.

(iv) The greater the density of flux lines in region, the
larger the magnitude of the electric field in that regjp,
Thus the field is lurger where the flux are more closely
packed than where they are spaced out. In fig. 1], for
example, E, iy greater than

b2 oW ek

e

-—-—)—

_— |

>\ /
A

Fig. 11.  Fiuy baltern narrow gt B, E;, > E,

g 5 Calculamn 0f Fiy
onsider a umform field
A as showp i fig. 12

X Densny,
E ﬂo“"“g at.rosq a sheet of surface areé
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Fig. 12. A uniform electric field E crossing a
sheet of surface area A.

Suppose N is an outward normal drawn perpendicular to the
surface and makes an angle @ with the direction of the electric
field. Then the component of E normal to the surface is given by
Thus the total flux flowing through the sheet is given by

¢z = Ex A = EACos0. (2.7)
Thus when 9 = 0, ¢ is +ve and equal to EA.

6 < 90°, ¢ is +ve

6 = 90°, ¢, = 0 and lying on the surface

0 +90° ¢is-ve . .

31

Scanned with CamScanner



We note that when 0 <90, g 1§ outward,

-

when 8 > 90, £ IS r‘nward-

sphere immersed (N an electric field y
shown in fig. 13. at S, where .the _ﬂux _cn[crs“ the ‘sphere‘ the
outward normal is In opposite dqucnon Lo_the field so that § =
180°. Hence the flux ¢, is negative and mward. On the other
hand, at S,, the outward normal and the field are m the same

direction so that 8 = 0.

If we consider a hollow

Hence &,, is positive and outward.

Fig. 13 (j),

ah _
ollow Sphere imn:]ef_‘;"-‘ztnc Fie
Sooed in g,

Unif,
Id flowing across

32
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_

If a surface is closed, and the total incoming flux equals the total
outgoing flux, then the total flux crossing the surface is zero. For
example if we consider a flux line that enters a hollow sphere
normally and leaves also normally, at point of entry, 8 = 180°.

Therefore, ¢, = EACos 180 = - EA
At point of leaving the sphere, 6 = Q. ..

¢2=EACOSOZEA.-

Totalﬂux¢=¢l’+¢2=-EA+EA.=0.

To generalize, let us consider a field which varies from point to
point across a surface which is not everywhere at right angles to
the field,as shown in fig. 15,

Fig. 1'3, (ii): A surface element, dA, immersed in a
~ uniform field E.

33
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A. Let a uniform

.ment d
rface eleme drawn normal,

: face A with surtat® ward
?Ol?iﬂge:v::izﬁrmakes an angle 8 with the ou!
ic \

cross this surface element.

Thus the total flux crossing dA is given by,

¢ = [EdA Cosb

N f Eﬂd; (2.8)

Generally, for a closed surface, we have

¢ = $ EdsCost

e I

§ E.ds (2-9)

where dS is called an area vector in the direction of the outward
normal.

q at its centre, (The h

oints dj
represents all such POilfls)  distance r from

the charge ang hence

o IV |
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—t el

g = §E-d5 = § EasCOSﬂ

since E islun‘iformly distributed and radially outward, 6 = 0. Thus
Cos 8 = 1. - | -

.. ¢g = E §ds

= Edsr* 2.10)
- 4#‘5“? rz . 4'.': |
= g @11

2.6 Gauss Law

This law states that the surface integral of the normal component
of the electric field (due to some charge immersed in a closed
surface) over the closed surface is equal to the ratio of the charge
~ enclosed within the surface to the permittivity of free space. -

“Thus |
- -

. q
§ Eds = -

or e, $Eds = ¢

In another form, the law can be stated as saying that the total
electric flux crossing a closed surface is equal to the ratio of the-
charge enclosed within the surface to the permittivity of free space
irrespective of the location or distribution of the charge enclosed,
or the.configuration of the surface. -

- Hence ¢g = qle,

Thus ¢ = § E.ds = qle,
35
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losed. then the total charge 3"‘?59“5

If more than one charge is enc ey 12 Sq.

secomes the algebraic sum of all the ch
Hence Gauss Law becomes

¢ = §Ed; = Yqle, 2.12)

.1 Implications Of Gauss Law.
2 (l;) The law does not depend on the shape or contour of

the surface provided it is closed.

(2) It does not depend on the arrangement of charges
enclosed or their locations within the closed surface.

(3)  Ifthe charge is placed outside the closed _.mb’ace, its |
fuc contribution will be zero. This is because the
flux due to the charge will cross the closed surface
even number of times,once going in (which is -ve)
and the other coming out (which is +ve} and their
net contribution is zero. Thus charges outside the
closed surface make no contribution to the total
ourward (or inward) flux dye to some charge (or

charges) enclosed by the sy ace, or
’  f ' '
the charge enclosed ,f- © the value o

(4. Ifno Ch‘f}é? is enclosed, ¢ = 0

36
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> N ¢ will be positive if the net charge enclosed i
-+ve, and -ve if the net charge enclosed is -v:d ’

L IMITATION OF GAUSS LAW.

Though Gauss Law is defined for arbitrary surface, it can only be
evaluated easily for surfaces and fields. of high. geometric
symmetry. For non-symmetric systems, the integration is non-
rrivial and difficult to evaluate. - T

2.8 Applications: Of Gauss Law |

To apply Gauss Law to any charge system, an appropriate

hypothetical (or imaginary) surface called Gaussan surface must be

constructed. For example, for a point charge or point charges,

and a charged hollow or solid sphere, the Gaussan surface is a
sphere. For a line of charge and a hollow or solid cylinder, the

Gaussan surface is a cylinder.

Let us now employ Gauss Law to determine the electric field due
to o | ' C |
some charge systems.

l. An Infinite Line of Uniform Charge Distribution. N
Consider the infinite line of charge of linear charge ‘de_n§xty
(charge per unit length) A. If we draw a cylindrical
‘Gaussan surface of length | and radius r such that the line
of charge lies along the axis of the Gaussan surface as

- shown in fig. 14.
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g
—_—
e e e e

| = \j_?-:f-f__z_ z

Fig. 14: A linear charge distribution with ‘
cylindrical Gaussan surface. !

Since the charge distribution ig unifori .'

| ! m, then th '
_s;_:mrpetqcal and radially outward as shown. For ifeﬁe::d .
distribution, the field will be radially inward. T

Since the ﬁéld Is radiall

_ Yy outward, no fl : |
ends of the cylinder. - - 70 T will flow out of the

calculation,

Applying Gauss Law 1o the éylinder,

¢E = q/Eo'
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Hence 4 = & 9 =€ § E.ds (2.13)
q = eofEdsCose

But & = 0 since E is radially outward.
q = €, E fd? |
But q = Al : | (2.14)

Al = ¢, E.2 =1l

. d Al . _

. E = I— . .(2'15)

27 ¢, 1l -
A
27 €, T
1 2\ |
= @ (2.16)

dxe, T

2': A uniform! , tndi -
y charged hollow cylinder. s
Consider a uniformly charged hollow cyh.nder S qf length
| | and radius a. Let its linear charge density be A
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Fig. 15 (i): A positively charged hollow cylinder, S
y S.

Again the field is symmetr

ical an i
no flux through the ends. and radially outward, and there is
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Fig. 15 (ii): Charged hollow cylinder S with
. Gaussan surface G where r, > a.

Applying Gauss Law,

e, § Eds = q = Al
. E §ds = ¢ .E2nrr, 1 = AL
Al

| I ——
27 ¢, 1)l

_ A
Ame, T,
| 2A

dre, T,

(2.17)

2.18)
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ollow cylinder, it behaves

Thus for locations outside the charged h e like a lin€ of charge.

as though its charge lies along its axis, |
On the surface of the cylinder . r, = 2
Thus A
I
2x €, 2
C2A
= ---l-- j—- (2.19)
dr ¢, a

——— — e W— — —
e =

For locations within the cylinder, we consider a coaxial cylindrical
Gaussan surface of radius r, where r, < a. However since no
charge is enclosed within the cylinder, q = 0

- —»

Hence ¢ = Qand E = (.

Thus electric flux and field are everywhere zero within a charged
hollow cylinder.

3. Uniformly Charged Solid Cylinder.

- For finding the field outside and on
charged solid cylinder, the procedure
same as.in charged hollow cylinder:

the surface of the
and results are the

At a location of distance r, from the a: '
L] [ ] ax
solid cylinder of radius a, where r, > 4 l? of the charged

42
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E =
2x ¢, T,
i 2\
dxe, T,

Thus a uniformly charged solid cylinder also behaves as if its charge is
concentrated along its axis, ie as a line of charge.

Also when 1, = a,
A

E = e

27 €, A

1 2\
(2.20)

dx ¢, a

In the case of field at r, < a. ie within the charged solid cylinder, a
" coaxial cylindrical Gaussan surface G of radius r, will enclose some
charge since there is uniform charge distribution throughout the soh-d.
Since the charge distribution is uniform, then the volume charge density

(ie. charge per unit volume) of the solid is constant.

Fig. '5 (l):  Charged solid cylinder S with Gaussan
surface G of radius r; < &

'. 43
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d that the Gaussan

4 is O. an
Suppose the total charge of the solid is Q he volume charge

surface encloses a charge Q'. Then since t
density of the solid is constant,

Q < 2.21)

—_—
. —E——

vV V'

where V is the volume of the solid and V' is the volume enclosed
by the Gaussan surface.

Q' - L0
X rzz ' .
= ssanseses: 1)
T all
5,
- ik Q (2.22)
a
Thus applying Gauss Law, we obumn.
€9 pgs = Q (2.23)
r.,:
€ E¢ds = -~
" f az (2 24)
2’
s -l
al
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a3
2
1 r, :
- . ll
2ner,l q2 | (2.25)
] r; . A
27e @&
X
2re, &
1 ZA T |
= : (2.26)
dre, @

—-_a—‘—--l-

4. A uniformly charged hollow sphere o
anside{ a _unfformly charged hollow..sphere of ra:d1;1ﬂ; 13
and charge q. We want to first determine the elecm;: .
at a location of distance r, from the centre of the n:trat:gt X
hollow sphere, where r, > a. To do this we c?\tr-ic e
spherical Gaussan surface of radius I, and 01:206 |
the charged hollow sphere as shown in fig. 10.
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Fig. 16 Charged solid sphere S with Gaussan
surface G.

Since the charge distribution is uniform. then E is uniform and
radially outward.
Thus applying Gauss law.

Thus at locations outside a charged hollow splic

| . . it behaves as it
its charge is concentrated at its cenire e

4 111 1S @ point charge.
For the field on the surface of (he sphere, r, = 4
|
ThusE = -
dx o (2.28)

gl
--—-._:—--__

low sphere, we draw
. GWever. «i €. a surface
surface, (ie, q = 0) me:rés:'ncg- No charge is enclosed within the
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4

. the field is everywhere _p
arged ho||

5 ’ OWs h
5. A Uniformly charged solid spheye phere.
. Consider a uniformly charged .soud
and charge g. Sphere § of radius 3

we proceed exactly in the same way as in
hollow sphere and obtain identical resy]t.

Thus again, at locations outside a charged solid sphere, it behaves
like a point charge, as if its charge is concentrated at its centre.

Also at its surface where r, = a,

19 2.29)

| S . charge is uniformly
In the case of the interior of the solid Sphf-z;;e congstrucwd within

distributed throzgh it. Thus a Gaussan sU  aussan surface @
the solid will enclose some charge. Suppose ® =< = '
of radius r, (where r, < a) is COnstruc
sphere S as shown in fig. 17 |

A1
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A charged solid sphere S of radius a,
with a Gaussan surface G of radius

r,. where r, < a.

Suppose the Gaussan surface of volume v' encloses a charge ¢'.
Then since there is uniform charge distribution, the volume charge

density of the sphere is constant. Hence if the volume of the solid
sphere is v, then

“f‘,‘: = % (2.30)
y! 4/3 = r
| 2
q = —4q-= q (2.31)
V 4/3 na’
r3
q! = i.q (2.32)
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Applying Gauss Law,

% PE4s =4 —

eofEdng(’:q]

3

¢, Efds = — q(since 8 =0)  (234)
3 3 '
3
r
€ E.41tr22 = —3-(;
4
1 ry
E = - 2q.
4rner, B
_ 9N (2.35)
4ne, a; -

6. A sheet of uniform charge distribution.

se a sheet of charge has uniform charge density, ¢-
point distance r from th:
of cross-sectional area

the Gaussan surfacelas

Suppo

To find the electric -ﬁe!d ataf
sheet, we construct a "pill - box
and length 2r across the sheet as-

shown in fig. 18.

o

Scanned with CamScanner



e for a sheet

Pill-Box Gaussa;l Surfac
of charge.

Fig. 18:

The charge enclosed in the area A is gA. The field due 10 this
charge is usually outward and uniform. N |

Thus applying Gauss Law.

For accurate results, we consider points not near the edges of the
sheet. and whose distance from the sheet is small compared with

dimensions of the sheet.

2.9 -Solved Examples.
| il
(- = 9.0 x 10’ Nm? C?)

47 ¢,

Example 2.1: Calculate the electric field at a pdim 5 cm from a charge
of magnitude - 3.2 x 10°C. : —
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Solution:
1
B s ;. E

dIn e, r

where q is the charge, and r is the distance from the charge.

Eo 2X10x32x10%
(5 x 107’
9x32x10¢
25

== 1,15 x 10“NC"

Example 2.2: A straight wire of length S00m carries a charge of +6.4
x 10 C. Calculate the electric field st a point 2m from the centre of the
wire, assuming uniform distributice of ~harge along the wire.

Solution: Let linear charge density of the wire be'\. Let us also draw
a cylindrical Gaussan surface of length |, radius r such that the wire lies
on the axis of the cylinder as shown in fig. 19.

Applying Gauss Law, we obtain

., A #
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A 2.39)

4x E.. r
6.4 x 10°*
500
1.28 x 16* Cm
9x 10°x2x1.28 x 10°
2
= 115.2 NC*!

Example 2.3: A uniformly charged hollow sphere of radius 10cm
carries a charge of + 3.2 x 10C. Calculate the electric field at
locations 20cm, 10cm, Scm and Ocm from the centre of the
sphere. Hence plot a graph of E against distance (r) from +20cm
to -20cm from the centre of the sphere. :

I

E =

Solution: Let the radius of the sphere be a. It has béen shown
for the case

r > a that
1 q
E = — | 2.40
. dxe, 1 )

where r is distance from centre of the sphere.

i) when r = 20cm, then r > a

9 x 10° 10
E= X 0" x 3.2 x 10"

(20 x 102
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28.8 x 10
300 x To*
= 7.2 x 10
= RN
(i)  Whenr = 10cm, thenr = 4
9 x10°x3.2 x 10
(10 x 10?2
= 28.8 x 10
= 288 NC
(iii) When r = Sem, r < a,
Hence q = 0
.. . E=0.
(iv) Whenr =0, r < a
Hence ¢ = 0.
E =0.
The graph of E versus r is shown in fig. 20.

E =

53
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ly charged solid sphere carrying

Example 2.4: Repeat Q.3 for uniform
the same charge.

Solution: It has also been shown for the case r > 4. that
1 q
' | 2.41)

() . Hence forr = 20cm, r > a
9x10°x3.2x10"
(20 x 10?%)?

—
——

= 72 NC!
(i) For r = I0cm, r = a
9x 10° x3.2 x 107
(10 x 107}
288 NC*
(i) For r =5m, r < a,

=
=

Therefore, suppose a Gaussan surface of radius r encloses a charge q',

then |
' 43xP¢ r
= 5 2.42)

A3xa° o3

Fl. . | . (lo x 10.3)3 X 3.2 X lo.]o

125 X10%x3.2 x 10
1000 x 10
0.125 x 3.2 x 10
0.4 x107MC,

|

54
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Applying Gauss Law

o Eds ™ ql

'eo fEdS'COSﬁ =ql

since field is radially outward, ¢ = ¢,
-. ., E §d8 -._..ql

.6, E.4x P =¢
E = L.
dxe,
9x10°x0.4 x 10
5 x 107’
3.6x10°
25 x 10
= 0.144 x 10°
= 144 NC!
ivy Forr=0,r <a
Butq' = r/a*.q=0

Hence E = 0

2.)
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Fwio-*(m)

o 30 3@

(You can verify the curve by calculating values for E at r =3cm,
8cm and 30cm, and compare with the curve). -

We have verified that within the uniformly charged sphere,

r
h (2.44)

Thus since a is constant
E « r within the sphere

This accounts for the linear relationship between E and v from the
centre of the charged sphere to its surface. From the surface
onwards the relationship changes. It is now determined by the

relation, l
. | (2.45)

dre,

E =

56
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E ~ L as expressed in the curve.
2

Hence
; r

. Example 2.5: A solid cylinder of infinite length has diameter of
10cm and carries a uniform charge of charge density 6.0 x 10
Cm, Calculate the electric field at position 10cm and 3cm from
the axis of the cylinder. |

Solution: Consider a section of the cylinder, length 1, and
carrying a charge q.

Let the volume charge density and radius of the cylinder be o and
R respectively.
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We now draw two Gaussan surfaces G, and (.i;. with radii r, and r,
respectively where r, > R and r; < R, which are co-axial with
the charged cylinder as shown in fig. 22. Applying Gauss Law 1o

G;. we obtain

ST =q = s the volume of the
&9 pas = 9 pv where V is the vo f

section of the cylinder in consideration.

e § EdsCosf = pV (2.46)
But E is radially outward, so that § = 0.

.. € §ds =pV

.., E2x . r, 1 = p.aR

: p.xR3 pR?
.. E = = - (2.47)
- 27 ¢, 0yl 2¢, Iy
1. 2xpR
OR E=  —. 24
4re, T,

Substituting, we obtain valve for E at r, = 10cm (r, > R),
_wherek=5cm=5$10"m. .

58
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9x10° x2x3.142 x 6 x 10" x (5 x 10°)?
@ E = '
(10 x 10%?
= 108 x 3.14€2 x 25 x 10°
- m.‘: 10—0
- 8.48 NC*
For the second case of when r, = Jom (r;< R), we use the
Gaussan surface, G,. g -

Suppose the charge q' is enclosed by G,.

Then q' = pV' where V! is the volume enclosed by G..

T R | 49)

Applying Gauss law, we obtain

- -

e, § Eds =q'

.. E2a;1 = pr izl
1

2x ¢, Il |

P Ky | 250) «

"..2.’.'...':.3-_.--" -!-éz‘l"f:" |

"“,=E-_= 47xe 4z ¢,

.- T l'fl

V. E =

(2.51)

59
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Substituting we obtain |

e 9:10’:2:3.142::6:10"’:3:10* ‘
108 x 3.142 x3x10°
1018 x 10°

192 NC_

Example 2.6: Four charged particles carrying charges of
magnitudes + 2q, + 4q, -q and +2q are placed one after the
other respectively at the four corners of a square of snde:- 2cm.
Calculate the magnitude and direction of the resultant electric field
at the centre of the square, given that e = 1.0X 1012C.

BN

e

Solution: o
Step 1: Draw and label the square charge system, and indicate the
various fields due to the charges at the centre of the square, p, as

shown in fig. 23a.

60
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Step 2: Calculate the fields

EI .= .« 9 (2¢52)

where r is the distance of each
ch
‘2 the square diagonal. Argeriromithe contre F* and equtls

Hence since the Square side is 2cm,

@) =2+ 22 =44+ 4 =3,

-.. 4rr =8

e P =8/4 =2

e r=v2am =V2 x 10°m.

' E, = 9.x10’x2x-10'“‘l :
o (V2 x 10 | j
_ 9x10°x2x 10" | /

2 x10* | f,-"'
= 90 NC*
1 4q. . K
= . | 2.53
Ea dxe, © 2
9x10°x4x 10"
2 x10f
=  LSONC
| 61
PR |
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1 q - (2.59)
B, = dre, P |
= 9x10° x 10
2 x 10°
= 45 NC*
1 2q
E, = 4—'1'-(,. F
= 9x10° x 2 x 107
2x10*
= 2ONC’
Step 3: Resolve the fields into (wo perpendicular directions, say
E, and E,.

Y
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From ﬁg. 23ba
E, = E, Cos 45 + E, Cos 45 + E, Cos 45 - E, Cos 45. (2.55)

(E, + E, + E, - E) Cos 45.
(90 + 45 + 90 - 180) 0.707

= 45 x 0.707

E, = E, Sin 45 - E, Sin 45 - E, Sin 45 - E, Sin 45 (2.56)

(E, - E, - E, - E;) Sin 45
(90 - 90 - 45 - 180) 0.707

- 225 x 0.707

= -159.08 NC

Step 4: Represent E,, E, and Eg in a diagram (fig. 23¢) and hence
calculate E, and @ where @ is the-angle made by E; with x-

I

direction.
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From fig. 23c,
Enz

Elz + E,z

- 31.822 + 159.08°
1012.52 + 25306.45
18.96 .
..Ey = 16223 NC'
To find 6,

8

tan § = —_—

2.57)

(2.58)

Scanned with CamScanner



159.08

31.82

- 4.9994
. 0 = tan™ (4.9999)
=  I8.6r
Example 2.7: Two like charges of magnitudes + 1.6 x 10"°C and

+6.4 x 10:"'(: are placed 4cm apart. Determine the location of the
neutral point between them. | .

Solution: Let the charges be represented respectively by + q, and

+q;, and let the neutral point be distance iy
charge as shown in fig. 24. £ om the smaller

»
Yol

"-—' . .
TTXemde . —(‘-E)lm-—-.._.)
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~ At the neutral point, E = 0.

LI E:|""--u—-E2

. 4 €, !2 4z 5..* (4_x)1 y

1.6x 10" 6.4 x10%

—
- - - ——— -

X 4 -x)?
@x)? = e e Aol
1.6

L16-8x + X = 4
L+ 8x-16=0
L OBx-4) x+4) =0

. x = 4/3cmor 4am.

But x cannot be -ve, because that will imply that
in between the charges, but 4cm away 10 the left

the neutral point is not located
of the smaller charge (+q))-

Thus x = 4/3 = 1.33cm, which implies that the neutral point is 1.33cm away
from q, (or 2.67cm from gq,) along the axis joining q, and .

----------
-------------------------------------------

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
-------------------------------------------------------------------------
lllllllllllllll
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

2.10 PROBLEMS.

2.10.1 - Two electrons and two protons are kept 10® cm
apart. Calculate the resultant electric field midway

between: them (Electronic charge = -1.6 x 107°C
while protonic charge = +1.6 x 10°°C).

210.2 | Calculate the magnitude and -direction of the
' resultant electric field at the centroid of an
equilateral triangle of side 2cm, due 1O three

charges, +q,+3q and -2q-placed in order 3t s

vertices, where ¢ = 1.6 x 107 C. o

66
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2.10.3 A proton is kept 3mm away from another group of
three protons. Determine the neutral point of the
system if protonic charge is given as + 1.6 x 10

o &2

2.10.4 A uniformly charged solid sphere of radius 5 cm
and carrying a charge of +3.2 x 10"°C is placed
concentric with a hollow sphere of radius 10 cm.
Calculate the electric field due to this arrangement
at locations 20cm, 10cm, 8cm. Scm- and 3cm from

the centre of the spheres.

2.10.5 An electric dipole of separation 4cm carries Charges
. + 4.8 x 10"'®C. Calculate the resultant electric

field at a location,
(i) } m away along its dipole axis.
(ii)  Im away along its median axis.

Two equal and opposite charges of magnitude 4.0
x 10°C are 12cm apart. What is the magnitude of
E midway between them? What force will
therefore act on an electron placed at that position.
If the electron is released to move, what will be its
acceleration, and with what velocity and kinetic
energy will it hit the positive charge. (electronic
charge = -1.6 x 10" C; electronic mass = 9T x

10 Kg). |

2.10.6

&
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3

ELECTRICAL POTENTIAL

3.1. Electrical Potential Energy , o
¢ ensider a uniform field due to a positive charge, as shown in fig.
5.

S
’.

—> E
Ae—s
S

| Fig. 25:
 Uniform electric field with a positive charge, +q,

If we place a positive point charge +q, at the point A, it will
_ = nove in the direction of the field, say to the point B, due to the
electric force of rhe field. To move the charge therefore from B
o) A'a'g:iinst this electric force, an external force must be employed

and work is done. Thus this movement of the charge from B back
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to A by an external force increases its electrical potential energy
much the same way as the lifting of a mass to a height in earths
gravitational field will increase its gravitational potential energy

.Thc work done by the external force is the measure of the increase
in electrical potential cnergy of the charge.

Since work done = Force (F.) x displacement(s), the electrical
potential energy = F, x s ‘

g, E x BA (3.1)

Thus tl?e e.lcCtrical potential energy associated with the charge q,
at a point in the electric field is dependent on

(i) the magnitude of the field
(ii) the magnitude pf the charge
(ili)  the position of the charge in the field.

3.2. Electrical Potential

The potential at a point in an electric field is defined as the
potential energy or work done per unit charge in moving a positive
point charge from infinity to that point (provided that the point
charge does not affect the field). The potential at infinity is

arbitrarily chosen to be zero.

In fig. 25, the potential at A exceeds that at B by the work which
must be done against electric force to take a unit positive charge
from B to A. Potential is therefore a property of a point mlthe
field and is therefore a scalar quantity. It is measured in JC' or

volt (V).
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: - 1ional potential - |
Just as mass moves from a point of higher graviia ‘

ight t0 a |
. . . from a heigh 3 :
to another of lower potential, (that 1s fa::,':,ge in an electric field

lower level), so does a positive charge ! e of lower potential
trom a point of higher electrical potent_lal to Q,ic negative charges
(that is, it climbs down potential grafilent_)- o (tha iS. it climbs
in a positive field moves in the oppositc directio

up potential gradient).

3.3. Potential Due To An Isolated Pomt
Charge.

Consider the potential due to 2
position A distance r from the ¢

n isolated positive charge +qata
harge as shown in fig. 26.

Let a positive test charge +q, be placed at the position C,

distance x from the isolated charge. The electric force between
the two charges is given from Coulomb’s law by '
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1 qq.

By e etk S
dr ¢, X.

3.2)

Suppose we now move the test charge from the pasir:
through a small distance éx, without affecting thﬁt:gndg to B,
+q. Assuming that the force on +q, remains Constant § € to
this very small movement; then the work done §W by th :rlng
external force over the distance 8x against the force of the field

is given by

W = F (- bx) (3.3)

The ncge‘ative.sign. is inserted to show that the displacement $x ,
in opposite Fhrectlor} to the direction of the field or to show thar
X Increases In the direction opposite to that ot increase in work

done or potential energy.

Hence 6W = . Fpx (3.4)
qq, ox
dx ¢,

- Thus the total work done in bringing +q, from infinity to A is
given by '
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, 94, Ox 3.5)

(3.6)

y @3.7)

| — — W A oy
-“—m—uﬂ

3.4 Potential Diﬁerence.

Again consider a field due to an isolated positive charge +q
Suppose we have two points A and B, distance a and b
respectively from the charge as shown in fig, 27.
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'Fig.- 27. Potential difference between two points.

‘I a positive test charge +q, is placed at the point P, distance r
from the isolated charge, an external force shall be required to
move the charge from P to A, causing increase in potential
energy, while if the that charge is simply released at P it will
move towards B under the electric force of the field causing -
decrease in potential energy. The points A and Bare theyefore ,‘
said to be at different potentials. A is at a higher potential then
B. | - -

rence between A and B.

We want now to find the potential diffe ’
' harge towards A

Consider a small movement of the test
through a distance dr.
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Thus the work done,
dw = -For 3.8)

But when the test charge is at P,

- . (3.9)

W=faw - - % f‘ﬂ | (310

) (3.11)

Therefore, the potential between A and B is given by

V.o
where A

- (1/a - 1/b) (3.12)

 md
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q /
(1/a - 1/b) (3.12)

4r ¢,

We observe that when b is removed to infinity, ther %“e
potential at A is given by

1 q '
Vi = s | soms | (3.14)

4ré a

The distance b is sald to be infinite if 1/b.1 xs neghglble compared
wnh lfa :

3.5 Bqnlpotenﬂal Surfaces.

Consider the parallel and -uniform elecmc field shown in fig.
28.

Fig. 28: A parallel, uniform electric ﬁe]d.
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Fig. 29 ’ | T
(1) Equipotential surfaces for a parallel field, and
(i) for a point charge.

(iti) \Eguipotenrial surfaces for field between two charged

parallel plates. | l
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Fig.29
(:. ) Equipotential surfaces for a paralle]
(i) for a point charge.

T
field, and

" EQS.

(iui) @uipoteutial surfaces for field between two charged
parallel plates.
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3.6 Relation Between E And V.

A 3-

+Qe |

Consider the electric field E due to the charge Q shown in fig. 30.
Suppose we place a test charge +q, at the point A, distance x
from the charge Q as shown. Then the electric force on the point
charge is given by |

F = q.E.
lf + q, is moved a very small distance &x from A £o B in the
direction of E, then assuming that E ig constant over this distance,
the work done dw by the electric force F o +q, is given by

oW = Féx = qF x.
If p.d between B and A is 6V, then

78

Scanned with CamScanner



w q, E éx

av-- ——ene B2 -

q. 9.

The -ve sign is inserted to show that if displacement 3x in the
d'm".o" of E is taken to be positive, then 8V is -ve (that is,
p9tcnual °“°F3¥ is decreasing). On the other hand if the
displacement is in the opposite direction to E, then 8V is positive
(that is, potential energy is increasing).. ' ,

In the limits,

= - E 8x (3.18)

Lim sV av
E=. . éx—o —— = e oeee 3.19)
ox dx

Here .dV/dx is called potential gradient in x-direction. Thus the
electric field at any point in this direction is the potential gradient
at that point. [t is a vector quantity and is measured in volts m’,

which introduces another unit for E.

From the relationship in a uniform ﬁeid, E is constant in
magnitude and direction at all points. |

(3.20)

Thus V = kx where k is the magnitude of the constant field. .

Thus in such field, V changeé éteadily with x. Near the middlq of
oppositely charged parallel plates, E is uniform. If the separation
between the plates is d, then |

¥
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E =. -;]- where V is the p.d across the plates.

We also note that when E = 0,

dVv y -
e B 1 (3.21)
dx |

Hence V = Constant
This is the case for equipotential surfaces.

3.7 Potential Due To A Uniformly cnursed
Hollow Sphere.

We have shown in 2.27 that for all points-outside the ‘hollow
sphere, the electric field behaves exactly the same as if the whole
charge were concentrated at the centre of the sphere, that is, the
sphere behaves like a point charge. To find the electric potential
therefore at any point outside the hollow sphere, we treat the
sphere as if it is a point charge. Thus if a hollow sphere of radius
a carries a charge +q for example, then its potential at a point,
distance r from its centre (where r > a), is given by

1 q _

N = =, — (3.22)
41r € r
On the surface of the sphere,
1 q -
¥R e - (3.23)
: 471' €, a ‘ o
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while inside the hollow sphere, V is con' ;
‘. shov?'n before. Thus if we plot a graph f,t?% (smge E=0 as
obtain fig 31. igainst r we wil

3.8 Effect Of Neighbouring Bodies OnV. =
The electric potential at a point in an electric field due ft-o[hz
charged body is not usually determined by‘ cons;deration ;ctioe
charge alone unless it is isolated as assumed In the(t);%iesn Eharged
the potential is affected by the presence of other the potential at
or uncharged, and the surrounding material. Thus M€ P -

1 : .5 when anqther
a point near a positively charged body increases W .

positively charged body approacheS, ¢ &
“egativelyy ci.:rszged body approaches. Ff’f' e’;a";l;ﬁglet body A 25
bringing a neutral body BC near a po.?mve > the positive charge
Shown in fig 32. The variation of V with r for ¢ is brought ne2”
both before and after an uncharged conductf’rt on BC has its 0",'::
Shows how V is affected. Initially €ach POIT 4 "me potent

. oot t near -
Potential ang BC is neutral. As it ‘S'brough 81
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(.’f B is raised and since BC is a conductor, electrons will t:low.
trom C to B (that is from lower to higher Pow“‘ial) =
electrostatic induction has occurred. The induced negative Ch”‘.rgc'
at"B then lowers the potential there, as well as at ‘a" Pomts
betweenB and A (including A), while the induced positive qharg;
at C raises the potential at C and at points beyond C. SR
and C the potential is constant as shown. '

O

Fig. 32 Variation of V with r for a charge with
* neighbouring body.

3.9 SOLVED EXAMPLES
Example 3.1

Calculate the potential midway h&ween har "

two m 3gn'itlxd
X }_()“"C and -3.2 x 107°C, if the two charge: ar el et L
of 1.0m. € Separated by a distance
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SOLUTION: ’
Let the charges be g, and g,, and their separation 2r as shown in fig. 33,
and let P be the midpoint between the two charges as shown in fig. 33.

Substituting values we obtamn,

-16
o, Jaex10'9 | (-32x10 )}
V, 9110 x {'---——--5 T
9x 10°x 10"
S {16-32]
0.5

£1
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Example 3.2,

—

9x2x(-1.6)x 107

-28.8 x 107

=2.88 x 10° volts

Calcula_te the resultant potential at the centre of the square of charge
shown in fig. 34 where

a = 10cm and
q = 1.6x 10"°C.

SOLUTION.

As shown in fig. 35, let the diagonals intersect at P. Thus P is the
centre of the square. If the distance from each charge

to P is given by r, then
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V=V, +V, +V; +V, . (3.25)
1 (+@ , 1 (+299 1 (#2299 1

4me, r 4ne, r 4ne, r 4me

= ! (g +2q9 +2q - 3q)
41teor

1 2 (3.26)

4neo

To substitute, we note that
@r) = a* + @
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= 7.07 cm

9x10°x2x 1.6x10"

7.07

9x2x1.6x10"

7.07

= 4.07 x 10" volts.
Example 3.3 '

The potential due to a point charge is given by

-

(3.27)

Find the electric field E.
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V = —
‘.I't. r
dv d
., E = "E | - (._. i _l_)
dr "4ne, (3.28)
= -

dxe¢, dr r
Butr' =x* + g 4 2

629
T = Wy (3.30)
. 1 d 1
B Ee — — ey
4‘!’&. dx (xl+y3+%,)u 0-31)
| 1 d
e . [+ 4
PP Y + 2] (332)
l.
=- —(-WE+P+D"n oy
4x ¢, .
= ’ 1
X (@ + P+ )
4dxe (34

87
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_ , 339
47e @+ y+ IO

_ 1 b 4 (3_3‘)
4xe¢ (@

I > 637
4 xe, r

Example 3.4

Twao equal and opposite charges each of magnitude 1. 6 x 10°C are r:el;:t
10cm apart. calculate the electric field and potential at the centre o {hc

dipole. and at points 10cm away from the centre, along the dtpolc axis
and the medium axis.

SOLUTION.

Let the charges of the dipole be +q and -q, with separation 2a as shown
in fig. 36.
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Let us now consider the midpoint C of the dipole; a point P, dlstance X
from the charge +q along the dipole axis, and a point Q, distance y

along the medium axis.

() Midpoint of the dipole.
At C, the electric field due to the charges will be in the same direction

as shown.

Thus the resultant field at C is given by .

E,=E, + E -(3.38)
1
E, = .
U Tme 37 (3.39)

9x10°x 1.6 x 107" -

(5 x 10%)

14.4 x 107

25 x 10

0.576 x 10°

i

5.76 z 10* NC

1 4 | (3.40)

; Ez ) 41’:60 "az
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i

9 x 10* x 1.6 x 10"

(5 x 107’

= 576x10* NC

Since E, and E, are along the same line and directi
of their resultant is given by

on,then the magnitude

E. == E| + E! .
— 5.76 x 10 NC" + 5.76 X 10" NC*

11.52 X 10*

= 1.152 X 10° NC*

Resaltant Potential at 0.
. V.=V, 4V, (3.41)

I

Ll G, 1 CO g4
a

4ne, a 4‘11:60

(q _“Q) - (3.43)

4neoa |

) = 0 volts.
(ii) Point aloag the dipole axis. |
At P, the field E, due to + q points away from the charge, while E,-due

to -q pqints towards the charge. Therefore resultant field at that point,
E, is given by '

E, = El -E (344)
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' 1
E, = 9
Wil '3 | (3.45)

=l . g
& 4ne, ) (x+2a) (3.46)

Again Si“Fe E, and E—; are along the same line but opposite in directions
the magnitude of their resultant is given by

E, =E, -E, G4
- g 1 g (3.48)

ne, 2 dme, (xe20)?

-4 Lot ke
prasy [x2 (x+2a)’]’ - (3.49)

g (xréza-da’ -3l g4
4me, x2 (x? + 4xa + 4a?)

: i Al
.4 (Axatde , (3.51)
4me, x* + 4x’a + 4x?a*

g _ 4a (x + @) (3.52)
4me, x* (x2 +4 xa +4a?)

|

g 49 (3.53)
4ne, ¥ (x + 20" -

N

.-‘
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s T el
Substituting values a = Scm and r = Scm, we obtaifl,

9xl°’:l.6:lﬂ“"x4x5:i0"(5xIG"+ 5 x 107

" S x 109 (Sx10° + 2 x8x 107
9x10°x 1.6 x 10 x 4 x § x 107 x 10 x 107
i 25 x 104 [(§ + 10)* x 10]
9 x 10° x 1.6 x 10" x 200 x 10
i 28 x 10 x 225 x 10 |
= 0.512 x 10°
= $.12 x 104 NC!
To calculate V,;}P —_—— (3.58)
S S ) I S ). (3.55)

4ne, X 4ne, (x+2a)

I L S (3.56)

. 4 [(Fr2-xH 347

4ne, x(x + 2a)
.4 %

Tne, =50 (3.58)
= .._zgq; ( 1

dne, 32+ 2u (3.59)

N
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Substieuting WE Obm; (o x5 x 100 x 1.6 X 10°%

Vo= (5:10")’4-2:5!‘0'”5’“4

2:9:&10’:5!!0"’:[.6:[0"‘

25 x 10* + 503 10 ¢

90 x 1.6 x 10°

78 x 10
= 192 x 10* volts,

(iii) Point Q along the median axis.
Let the dis;ance of Q from each charge be r.

r2-ytsa®  (3.60)
= (10 x 102 + (5 x 102%)?
= 100 x 10" + 25 x 107
= 125 x 107
~r=5/5x 107 cm.
Also, let the angle between r and the median axis be 6.

Then cos § = y/r while sin § = q/r The electric field contributions at
Q of the dipole charges are E, and E, as shown. where each ﬁeld makes
angle 6 with the median axis,

! q
| B" T | (3.61)
dxe, ©

.93
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9x10°x 1.6 x 107

125 x 10

= 0.1152 x 10°

= Illiz x lg _HL-.
Also I q (3.62)
By , e
4re, r

= 1.152x 10* NC'

To find the resultant field, E, we resolve the fields into x and vy
directions and apply the relation

E? = E’ + B/ (3.63)
Thus E, =E, cos 8 + E, cos 0 (3.64)
But E, =E
.. Ey=2E, cos § (3.65)
= 2E, .y

231152 x 10 x 10 x 102
55 x102

04
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2x 11.52x10*

11.18
= 206 X 102 NC*
E, = E, sin6-E, sin ¢ (3.66)
= (.
.. B, =E2! + E? (3.67)
= E’+0
= E?
. E, = E, = 206x10*NC’
Cslewlation of V, |
- Vo = V,+V, . (3.68)
.1 e, 1 (@
= . + - (3.6
4me, r dne, r St
l B
= (q - q) (3.70)
41!60_1' T '
—_— 0 -

Hence V is zero along the median axis of a dipole. This is generally
rue of the miedian plane of a dipole. Hence the median plane of a dipole
s an equipotential surface.
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Two horizontal metal plates of separati

m. with the uppef plate e It
::m?t:r: a::tlelntial relative t0 t:l:u::!?;’:f p
the field strength between th: tgem. l .
Vv calculate the p.d betwee S xl 0% Kg is
f charge 1.6 X 10"°C and mas$ 1% il be its
(l;"b:ratei from the lower plate, Te the b
s»lpwd and kinetic energy on reac

plate?

3.
3

{0 PROBLEMS
10.1

laced on each
1= 2cm has an electron P :
102 gf ﬁrsb:i: fc:)lriirs. Calculate the resultant potentlal

at its centre (electronic charge
= .1.6 x 10" C).

i«ts of a proton and an
A hvdrogen atom consists Of & P
+102 electzon.gSuppose their separation is about 0.5 x

10%cm, calculate:

(i)  the electric potential at distgnce 0.5 x 10*
cm from the proton.

(ii)  the patential energy of the electron

(iti)  the amount of energy required to remove the
electron from the atom assuming that the
electron is at rest. (electronic charge = -1.6
x 10°C; protonic charge = + 1.6 x 10

}SPC)
304 The potential - .
at an axial poj isc 1
found to be point for a charged dis
0h
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s ¢ .,‘n-/
y - 2 (@ +rH? -1

€,

" Show that E at axial points is given by

E=-21(- L
2¢, (‘::2 + :")u2

Three charges -2uC, 1.64C and 4.8uC are placed
respectively at the corners A, B, C of an cqu!latera\
triangles of side 10 cm. Calculate the electric field

and potential at a point midway along BC. What IS
the direction of the field?

3.10.5

A charge of 20uC is uniformly distributed across a
solid spherical conductor of radius, 15 cm.
Calculate the field and potential at a point 10 cm

from the centre of the sphere.

3.10.6

A thin nonconducting rod of length | carries a
charge Q uniformly distributed along it. Show that
E at a point P distance y along the perpendicular

bisector of the rod is given by

!
E--2 . S
2mey (12 + 4yh)2

3.10.7

| Show that as | = «, E reduces to

E = A where A is the charge per unit length.
2ME )y '
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3.10.8

Show that the components of E due to & dipoie 3t
an arbitrary distant point are given by

E - 1 3Pxy
* 4me, (x2.+ y)*"

g .1 POy -x)
| y 411:60 (xz + y2)5ﬂ

where x and y are the co-ordinates of the arbltra!g; ‘20;“2;
and P is the dipole moment given as P = 2aq W S
half of the dipole separation. Hence determine expr

for V, and V, of the dipole.
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CAPACITORS AND DIELECTRICS
4.1. The Capacitor

A capacitor is a device for storing electric charge. Basically it is
made up of two parallel conductors called plates which are usually
separated by an insulator like air, oil, mica, glass etc. The
insulator is called a dielectric and plays a very important part in
the determination of the capacitor parameters. The general symbol
for a capacitor is -{ |- whatever its form, though the symbol &
electrolytic capacitor carries +ve and -ve signs to differentiate the
electrodes

4.2. Capacitance

A conductor, eg a hollow conductmg sphere, can be mounted on
an insulator and charges added and stored in it. Any such system
that is able to store charges is called a capacitor.

The capacitance C of such capacitor is defined as the charge
required to cause a unit change in its potential. Alternatively, it
can simply be defined as the ratio of the charge on a capacitor (o
the p.d. across its plates. Thus C = Q/V where Q is the charge
on the conductor or capacxtor and 'V is its potentlal If Q is in
Coulombs (C) and V is in volts (V) then C is in could per volt
(CV") or farad (F). The smaller units of the farad are mncroflz:rad
(kF = 10°* F): Picofarad or Micro farad (IPF = lppF = 10 F)
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4.3. CapadtanceOIAnlsoluod(:on““’

,ina
The p.d. for a sphere of radius a, which carries a charge Q

medmm of permlttwny e, is given by

1 Q | @.1)
V = cccmee === _.

dzxe a
But C = Q/V
.. C = 4x ea. (4.2)

The capabitancc of a sphere is therefore directly propomona\ to its
radius. We note from the last equation that another unit of
permittivity e is farad per meter

| C

(Fm'),ande = - for the sphere.

4.4. Parallel Plate Capacitor

Fig. 37. Parallel plate Capacitor.
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Consider Fig. 37. The upper plate carries charge +Q and the lower
plate carries charge -Q, and the area of each plate is A. Suppose the
separation between the plates is d, and contains a medium of permitivity
e. The charge density o of each plate is given by

Q
g™ s, (Cm?) 4.3)
A |

Assuming that the electric field E is uniform. between the plates.
‘ o Q ; ‘ ;
Then E = = @
. "€ €A

But‘ if V is the p.d. between the plates,

then E = V/d . (V") | 4.5
.. QleA = Vid |
C = Q/V = ¢A/d . - 4.6)

We note that this equation assumes uniformity of E between the plates.
At the edges therefore where there are distortions, the equation does not

strictly apply. ,

4.5 Factors That Affect Capacitance Of A Paraliel
" Plate Capaditor. |
The capacitance of a parallel plate capacitor depends on three main
factors; " )
(i)  The distance between the plgtes. -From the last
* equation, we see that the capacitance of a parallel
plate capacitor is inversely proportional to the P’ﬂ”ﬁ
separation.. Thus when the separation increases,
.capacitance decreases. - - |
| 101,
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If we connect one plate of the capaditor to earth, and connect the
other t0 an electroscope, then the introduction of some charge 10
the plate will cause the leave of the electroscope o di"":rgf( mt
proportion to the p.d. across the plates. If this qhﬂgzs; cﬂge
constant and the separation between the plates is oA
divergence of the Jeave will increase indicating an increase ::: pl.la.;.
sice C = Q/V, then the capacitance of the sy"’t.fame "
correspondingly decreased.  This confirms that capac!
inversely proportional to the plate separation.

(it) he_dielectric betwee ] “3‘:::; t::;et
charge in the plate is kept constans, it is fou fass §
if a denser dielectric than air like ;-nica or glass 1s
inserted inbetween the plates, the -dwef'gence of t.he
leave will reduce indicating decrease in p.d. which
implies increase in _capacitance. Thus the
capacitance of a parallel plate capacitor 15 d:regtly
proportional to the dielectric density of the medium
between the plates. - ‘

(iii)  Area of plates. If the separation between the plate
is kept constant and the plate area increased, the
divergence of the leave will decrease indicating
decrease in p.d. which implies increase in

- capacitance. In fact the capacitance is directly
‘proportional to the area of the plate as seen from
the last equation.

4.6 Dielectric Constant Or Relative Permittivity.

We have seen that the capacitance of a capacitor with air dielectric
increases when a denser dielectric is inserted inbetween the nlates:
!f its capacitance when the s'eparatioxi between the plates is vacuum
is C,, and that when it is filled with a dielectric material is C the"
the dielectric constant or relative permittivity when dielectric

102
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material is inserted is given as

e, = C/C,
For the parallel plate capacitor, 4.7
| C e A/d ¢
é, = cue £ ecemes N .
C. &AM ¢ @8
« € = €, €, | (4.9)

where ¢ i1s the permittivity of the dielectric material and e, is that

of vacuum. Thus if dielectric constant ¢, is known for a parallel
plate capacitor, then

€A
C = - where ¢ is the permittivity of the dielectric.
d ‘
EO er A‘ | | . .
1 G ) l (4‘.10)
g )

Generally the dielectric constant or relative permittivity of a
capacitor with a dielectric is the ratio of the capacitance of the
capacitor with the dielectric to the capacitor without the dielectric
(that is with vacuum separation). Alternatively, it is the ratio of
the permittivity of the dielectric to that of vacuum (or air

approximately).

Relative permittivity has no units, and the relative permittivity of
0me substances are listed below.
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Table 1: Relative Permittivity of some dielectric substances

Dielectric

—

Permittivity &

Vacuum {.00000
Air (at STP) 1.00054
Teflon 2.1
Polytene 2.3
Perspex 2.6
Polystyrene 2.6
Amber Z f7
Paper (waxed) 2.7
Paper 3.5
Fused quartz 3.8
Pyranol oil 4.5

Pyrex glass

4.5

. Bakelite

4.8

Porcelain

6.5

Mica

| 7.0
Water (pure) 80.0
nate -1200.0

It is important to note from this table the very high value for

dielectric constant of Barium Titanate.

Since capacitance 18

directly proportional to permittivity, this material is therefore quit¢

104
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adequate for the construction of high value capacitors,

4.7 Types Of Capadtors.

There are man : ;
fig. 38 10 44 Y types of capacitors some of which are shown from

b (c)
Fig 38: (b) Paper Capacitor (c) Plastic Capacitor
(Actual) (Actual)

105
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Silvering on 'outside
Caramit  of tube (st Plate)
s Silvermg on inside
of tube (2nd PLeate)

(a) (b)
Fig 39: (a) Ceramic Capacitor (b) Actual.
(Construction).

Metal doil- Micq sheet.

Fig 40: ( M(a) b)
g 40: (a) Mica Capacito |
| (Conructlon) ~ (b) Mica Capacitor

_ (Actual).

108
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Srecer.

(SwmatX SpmuiSma) .

Fig 42. Paraffin Wﬁ;ied paper capdcitor (Construction).

[ ]
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Muﬂmmm foil).

da ( m’" Ay m .

' TTCW

Connectian

Faper souul W
aluminiusy. bargtt.
selution .

44 | Variable air capacltor
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The quality of a capacitor depends on its stability; that is its ability
to keep the same value with age, temperature change, etc. The
type to be employed in any circuit will depend also on its stability
and the frequency of the a.c. that can flow through it, Thé
working p.d. of a capacitor depends on the thickness of its
dielectric. For every dielectric, there is a maximum p.d. at which
it breaks down and spark occurs. The operation and use of any
capacitor must therefore be at p.d. below its breakdown value.

In paper, plastic, ceramic and mica capacitors, waxed paper,
plastic (eg polystyrene), ceramics (eg tale with barium titanate
added) and mica are used as dielectrics respectively. In paper
capacitor, the losses limit their frequencies to less than 1 MHz,
and their stability is poor (up to 10% with time). Plastic, ceramic
and mica capacitors have better stability (about 1%) and can be
used at higher frequencies. These four capacitors have capacitance
of a few pF. The mica capacitor has limit capacitance of about
0.01xF (that is 10000 pF).

The parallel plate capacitor is made up of two conducting plates
separated by polytene spacers. One plate is connected to a positive
p.d. source while the other is earthed. This is a very useful
laboratory capacitor and different types of dielectric materials can
be inserted inbetween the plates and their qualities studied.

The electrolytic capacitor has capacitance of_ up to 0.1 Ff(ic
100000 uF) and do not break down for apph.ed,p:d. of :1 e“;
hundred volts. - The dielectric of this capacitor 1S a film o

. . f
aluminium- oxide formed by passing current through a ;:vr:gh:d
Paper soaked with aluminium borate solution and san

. s through
between two aluminium foil electrodes. AS currﬁttig;“;ormﬂd on
the borate solution (which is an electrolyte), an © i

- gy IR ER
the anode., The other plate becomes ﬂt':' c;t:f:_c, circuit, it camnot

capacitor is usually used in d.c. circu! 109
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l f

pe used when the a.c. frequency is over 10 kHz. The stability €
he electrolytic capacitor is poor (10 - 20%). -
mploycd.

In the case of variable capacitors, 2 dielectric is usually © s
jates, OF

The capacitor is made up of two sets of parallel meta! P ah' ng the
set fixed while the other set are moveable but not t.ougic;lecuic.
fixed set. Inbetween each plate and its neighbour 15 air b cies its
The variation of the interleaved area of the Capacltorlow at all
capacitance. Losses in variable capacitor are very [t is used
frequencies, and breakdown p.d.value is also quite Iy

to tune radio and TV receivers.

4.8 Charging And Discharging Of A Capacito e B
The circuit for verification of this is shown 1 fig 49 g

impedance voltmeter V is connected in par allel aCross the tc;.apamtor
1o measure the voltage across its plates. The circuit 1 then

connected to a battery Vo through a 2-way key, k as shown.

F . Capacitor charlging circuit.

110
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also connected in one arm 'of the circuit as

i ' If we connect the

slowing down the charging process.
show:.i“f:':fm A, the capacitor will became conncctqd to the battery
pey to get charged. The voltmeter V will begin to rise

ill begin _ 0 ris
a:‘tjil“;: is equal to V, when it becomes steady. The capacitor 1s
" be charged to the battery voltage.

A high resistance Ris

now said 10

If we now switch off the key, V will remain steady ur}less the
capacitor leaks. But if we switch on to B, the capacitor will
discharge gradually through the resistor until the voltmeter retu_rns
10 zero. The voltage-time graph of the charging and discharging

processes is shown in fig.46.

Time

“Fig. 46. Voltage vs time curve for a capacitor
durine charging and discharging processes. - |

We note that after charging the capacitor, if a piece of wire is used
o close its termipals directly (cutting off R), a big spark will show
and the voltmeter will quickly return to zero indicating that the
“apacitor has discharged: | .

| 111
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Explanation of the charging and discharging p‘mcesses‘-a -
As shown in Fig. 47., when the key is switched to A, clccg o
flow from the -ve terminal of the battery ta the plate X 00 e
capacitor. At the same time electrons flow from the plf:!te Yhtar -
positive terminal of the battery. Positive and negative © ﬂgo >
therefore appear at Y and X respectively,and this opposes moredown
of electrons causing the charge build up. Thus the build up §lows e
gradually until V equals V, when the build up reaches its maximum .Vath
and stops. When the key is switched to B, the electrons flow ull‘ de
opposite direction until the positive chargeon Y is completely neutralize
and the capacitor is said to be discharged.

The discharging of a capacitor is exponential as Sh(.-)wn in fig. 48
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Fig. 48. The discharging of a capacitor.

Usually, the larger the values of C and R, the slower the
discharge. The Q versus t decay curve shown in fig. 48 will have
the same shape as I versus t curve, since V = IR (V causes
current flow through the resistor, R). If we.substitute for V in Q
= VC, we obtain that .. JOC A
Q = IRC, which implies that Q o [ since R and C are constant.
From calculus notation, the discharge current I can be expressed
in the form .
[ = -dQ/dt | | | . (4.11)

where the negative sign shows that Q decreases as t increases in
the decay process.

Hence Q = - CR dQ/dt. 4.12)
Rearranging and integrating, we obtain
.fé_ﬁf;:-_foio_ 4.13)
o CR . Q |

where Q, is the initial charge at t = o.

= -(nQ-1InQ) (4.15) |
| 113
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s w =iy O
cp " i Qle,
= - In Q/Q,
In -g = - 2
Q, CR
Q _ -ycr
Q,
5w QF Q ¢ ~ICR

(4.14)

(4.16)

@.17)

(4.18)

4.19)

This is the equation of the exponential decay of the discharge

process.

Suppose it take the time t,, for half the charges Q, on the plate to

discharge, then

%-’ = Q, ¢ W (4.20)
L) (4.21)
~ 2
WE .2 (4.22)
tm]CR L2
= 0.693-
L, = 0693 CR (4.23)
114
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= then
500 Fand R = 100k O, |
Ths lf;f: 0.692?: 500 x 10® x 100 x 1000

= 34,655,

CR has unit of time and is called the time constant of the circuit."‘
Where t = CR, we have -

- Q i Q, e¥CR = Q, el (4-24)

= | (4.25)

= 037Q,. - - (4.26)

T]}us CR is the time it will take for Q to fél] to 37% of ifs initial
value. R

It should be npted that when the charging process of a capééitor 1S
through a resistor, the charge build up is also exponential. |

4.9 Finding The Unkmown Capacitance Of A
Capaditor. |

Tt; do this, we use a capacitor of known capacitance and a ballistic
gdlvanometer, and the circuit is shown in fig. 49. |

115
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V is a high resistance voltmeter to measure the p.d across the
capacitor. First K, is kept open while K, is closed to charge the
capacitor. After charging to specific value of V, K, is disconnected
and K, is then connected so that the capacitor discharges through
the ballistic galvanometer. Let the deflection of the galvanometer

be 8,.

The second capacitor C, is then used in replacing C, and the
process is repeated for the same voltage V, producing a deflection,

01.

S‘ince the quantl:ty of charge flowing through the galvanometer is
directly proportional to its deflection, then

Q! 91 e
— 4.27
02 82 ( )
But Ql == C, \%

116
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Q =GV
Vv —0!
c,Vv o,
él _ 5
G, 6,

Thus if we know the value of one of the capacitors, say C,, we
can find the value of the second, C,, from this equation.

4.10 Capacitor Netwozk.

Where we have more than one capacitor in a circuit,we will
require an equivalent or combined capacitance of the capacitors for
circuit calculations. Capac:tor arrangement in c1rcu1ts can either
be in parallel or in series. -

1. Capacitors in Parallel.

Consider three capacitors in parallel as shown in fig. 50. Since
the LH plates of the three capacitors are connected together to one
junction, and the RH plates are connected together also, then if
these junctions are connected to a voltage source, they must be at
the same p.d. V with the source.

117
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Fig. 50: Capacitors in parallel

Thus the charges of the capacitors are given as follows:

Q = G,V
Q, = G,V
Q = C V.

.Ther.efore, if the total charge of the system is Q, the
Q=-Q-1+Q2+Q3 = CV+(CV+(GYV

=V, +C, +C) (4.29)
Q
— g G Gy (4.30)
V p

Therefore, if the combined capacitance of tie system is given by
C, then )

118
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Thus for 0 capacitors in parallel, the comb;

. ned - )
given by the algebraic sum of all the individ “apaciance C s

ual Capac imnces'

C = C, +
Thus, T GG+, 4.32)
n .
- i__zl & 4.33)
We note that
Q, -
e = V.
C| o
Q,
_____ = VY
C,
Q;
_____ e §F
C,
Q Q Q;
oo 4.34)
c, C G
' . 35
L QiQiQ = GGG A=l
2. Capacitors in Series. | The

. a . L4 ) 5
For capacitors in series, the circuit 1s as shown in fig

applied p.d. V, is distributed over the capacitors.

119
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However, since the same charge
capacitors, then the magnitude of the charges on the .pl
equal, though the plates on the LH will be +ve while the ones on

the RH will be -ve as shown.

Thus again,

Q
V, = s
C
Q
V, = -
| .
Q
V, = —.
C,

will flow through all the
ates must be

But V.=V, +V, + Vv, =0/C, + Q/C, + Q/Q4.36)

120
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N S /

|
L 437)

1 1

\Y | |

T cnna  een e (4.38)

Q € G ST &
where C is the combined capacitance.
Again for n capacitors,
1 1 | 1 1
— = — R - + 4+ eea- (4-39)
C c & C, C,

n

= ¥ UG (4.40)

4.11 Energy Stored In A Capadtor.
A charged capacitor is a store of electrical energy. This is easily
seen from the great spark that results if a charged capacitor is

short - circuited.

Now consider a capacitor C charged to a point when the charge on
it is Q and p.d. across it is V. If we wish to increase the charge

by a very small quantity 6Q, then the p.d. must simultaneously
increase by a small quantity 6V, where

0Q
dV = — (4.41)
C .
From the definition of p.d..
oW’ - o
V = .~ where 8W is the small work that must be done 0
) 6Q increase Q by 6Q.
121
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Hence OW = VéQ

= CVoV. (4.42)
Integrating we obtain
w = 1/1 CV? (4 .43)

where W is the measure of the energy stored in the capacitor.
Since C = Q/V,
then W = % CV?
= % QV
= Y% QC (4.44)
4.12 Solved Examples (1 pf = 10 farads).
Example 4.1:
Two concentric spheres of radii 5cm and 8cm carry charges
+ 3.2 x 10"°C and 3.2 x 10 respectively.-

Find the capacitance of the system.

Solution: -
Let the smaller sphere have radius a and carry charge +Q while
the larger sphere have radius b and carry charge -Q as shown In

fig. 52.

122
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Therefore, the potential difference between the two spiere V is

, given by
1 Q 1 Q
VaV,-Vy= o i ran (4.45)
4ze, a 4xe, b
Q
= (1/a - 1/b) (4.46)
dxe, -
Q b-a |
= (====-) 4.47)
47e, ab .
1 b-a '
= 448
e 4me, ( ab) S
¢ = 2 = 4xe (%),  (4.49)
V ° "b-a

Substituting ve obtain

4% 3.142 x 8.85 x 10 x 5 x 10? x 8 x 107
C =

(8 - 5) x 10?

62.84 x 8.85x 8 x 10" |
. . = 62.84%x295x8x 10"

]

3
= 1482x 10" = 1.48x10"F.

& 148 X ]Q;f"_gﬁl, |
- 148PE s

|
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Example 4.2

Calculate the combined capacitance of the capacitor arrangcménts
in fig. 3.

-
- —

IRE 2MF IME 4pF
A — —

2N
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Solution.
() Let the combined capacitance be C. (uF). Since the capacitors

are 1n series, then

|
|

+
-+
-+
]
|

. C=12/25 = Oaﬁ uF
; (i) - Let the combmed capac:tmwe ‘be C (uF). Since the
capacitors are in parallel then '

C==1+2+3+4-gug

Example 4.3.
Calculate the combined capacitance of the arrangcmcnt shown in fig. 54 -

Solution® _
Cp =2+2+2=6pF.
Cu =3 42= SﬂF

125
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Let the combined capacitance be C,; (uF).

1 1 ] 1 1
= + +  R——
Car 3 6 5 3

1045+6+10 31

—— o e o — -——

30 30

Therefore, C,, = 30/31 = Q97uE,

Example 4.4
In the circuit shown in fig. 53,

= 1uF, and E is 12 volts

.

C, = 4uF; C, = 2pF; C, = 2uF; C,

Calculate the charge and p.d. across each capacitor.

L ' i

Fig. §§.
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-//Solutlon:

LetthecombinedcapaciumeofC.de,beC..
I-lcnceC.-C,+C,-2+l-3pF.
SimC.uﬂlenuﬂa.mcnmekchugumequd.

. q = Qs
Blltq.==C|V,andq.=C4V4-

- q _-Cl A4
——— e =:, .
Qg CeVe
vV, ¢C, 3
V. C 4

.V, =43V

o Wy + -;—Vl =12

3V, + 4#’; = ‘.36 el
7&=%{  

-. vl—;—.-?’l,;‘i_r;'s.mm'\

. V, =12 -514 = 686 voli

Hence the p.d'.- ai-Cf-OSSh.CI? v1 = iﬂigm: | d across Ca..
And the p.d. across C, = p.d. across C = aral

Hence Vo=V, = v‘.!"" w ‘ 3
L - 127
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To find the charges.
Sim C| = q,’Vl,
Then q, = C,V, = 4x 10°x 5.14 = 20.56 x 10°C

20,36 1C,
Akog =C/V, = 3 x 10° x 6.86 = 20.58 x 10°C

o= 2038
Sinct V, = V, = V, = 9.86 volts

Then'q, = C, V, = 2 x 10° x 6.86 = 13.72 x 10°C

= 13,72 4C. |
Also gy = C, V, = 1 x 10° x 6.86 = 6.86 x 1_0*-C.
: o §.86 uC

Eﬁmple 4.5 . — . |
A 20uF capacitor is charged from a 50 volt supply and then connected

to two capacitors of magnitude 40uF and 60uF in’series. Caﬂculate
(a) the final p.d. across the combined capacitors.

(b) the final charge on each capacitor .
(c) the initial and final energies on the capacitors.

‘Solution.

V=350volts
Ge20M4F

¥ BEFORE CONNECTION:

128
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Let the initial charge on C, when it is alone connected to the battery be
q. Ifp.d. across C,is V = 50 volts,

then C, = -3—

g = C, V = 20x10 x 50 = 1000 x 10°°C.
= 1000uC

Let the combined capacitance of C, and C, be.C,. -
When C, is connected to C,, the charge q on C, will get distributed
between C, and C, until the p.d. across C, = p.d. across C, (since C,
and C, are in parallel).

Hence V, = V..

But V, = q,/c, and V, = q,/c,.

But q, + q, = 1000 uC.

If final p.d. across C, and C, is V, then

V=V =V,
q, Q

R e S
c, C,

129
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ThusV =  454.55x 10°

= 22.7 volts.
20 x 10

Thus V, = 22.7 volts.

. o give V,
Since C, and C, are in series, p.d. V is distributed over them to &1
and V,,

while q, = q,
- Hence qo =GV,
and g, = C, V..

© GV: | (4.53)
Js C.V; |
Vv, G, 60 uF 3
Vo w0k 2
v, = %vz. (4.54)

But v, + V; = 227
V2 * % V2 = 22.7

Hence ¢ = ¢y =C, V, = 40 x 10° 13.62
544 .80 x 10
245 4C

nn
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5V2=681
v, = 881 _ 13 6avolts

v3=_§.x13.62=3-%2i'=9,03m;s.

Energy distribution.

Initial energy = % qV = % x 1000 x 10° x 50
= 25000 x 10
= 2.5x10% 7.

After charge distribution, the final energy stored is given by,

Final Energy = %4 q, V, + % q, v,
Butv, = v, = 22.7 volts.
Therefore final energy = Y2 x 22.7 (q, + qJ)

¥ x 22.7 x 1000 x 10
11.35 x 107
1.14 x 107 J.

Energjf stored in C,, C,, and C, respectively are given by
E, =%qV |

% x 454.6 x 10° x 22.7
227.3 x 22.7 x 10°*
5159.71 x 10%-

5.16 x 107 J.

i

' 4.55)

(4.56)

@457
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=KqgV
- : '/zx545x10"‘xl362

545 x 6.81 x 10
3711.45 x 10

3ILX 10° J.

R

E.=%qVs

7 x545x 104 x 9.08
545 x 4.54 x 10
2474.30 x 10°

2,47 x IQ? J.

o

Example 4.6

In the given circuit, calculate
(i)  the combined capacitance of the capacitors;

(i)  the p.d. and charge on each capacitor;
(iii)  the energy on each capacitor;
(iv) the combined energy of the capacntors

1 8E9)

(4.59)

| 13_2
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SOLUTION: |
)  Let the combined capacitance be C.

1 1,18
c 5 15 15
2 €= 2 = AI5uF

(i)  Let the charge and p. .d on the 5pF and IS;LF
capacitors be q,, V, and G, V2 respectively
Thcrefore q =C,V, and q, = sz2 |
But the capacitors are in series.

% =49

But V, + V, = 200 volts
3V +V, =200
v 4V, = 200

200

o= 22
2 4

= 50 volts

133
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V, = 3V1qw

Qy == &, = C, Vv,
5 x 10* x 150
750 x 10°

750 C.

nonon

(i) E, =%qV,=%x70 % 10 x 150

750 x 75 x 10
56250 x 10°
5.6x 10%) .

nonn

—1hq,V, =% x 750 x 10° x50
750 x 25 x 10
18750 x 10°*
1.9x10%J.

nononta

Thus E, = E, + E, = 5.6 x 107 + 1.9 x 102

(5.6 + 1.9) 10
7.5 x 102 J.

Alternatively, let the charge on the combined capacitor be q.

Thenq = g, = G

Lz

E. = % qV

4 X 750 % 10° x 200
75000 x 106

7.5 x 10? ).

%

n i
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EXAMPLE 4.7 )
Two insulated spherical conductors of radii 10cm and 15cm are
ly. calculate the

charged to potentials 50 V and 80 V respective
capacitance and energy of each sphere. What shall be the resultant

energy on each sphere if both spheres are connected with a wire?

SOLUTION:

After Connection

For the sphere of radius 10cm,

135

Scanned with CamScanner



‘.
q S
Cl - — '4"."' 9_011d
v,
1 2
— = 90x1PNMC
4x ¢,

nﬂdt, = 10cm = 10 x 10°m

, : 10" o F
R

9x10°
Similarly, C, =47 & 1, ,
= e x 15107
- 9x10° -
= 1.5 . | 0
= x10° = QIIXI0F.
9
Hence E1 =1 Cl vI2
= 14 x 0.11 x 10 x 50 x 50
= 0.055 x 2500 x 10™
= 137.5 x 10
= 1,38 x 10%).
E,=%C Vi =%x017x 10 x 80 x 80
= (0.085 x 6400 x 100
= 544 x 100
= 2.4 x10%)
When the two spheres are B
Co .
final potential be V. Heml'l:ected, their POtentia]s equaliu Let this
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then C,V, + GV, = C\V + C,V.
dwe, 1, V, + dxe, 1, V, = dxe, 1, V + 4xe,. 1V,
OV + 6V, =(r, +1,) V.

(10 x 10%) SO + (15 x 10%)80 = (10 + 15) x 10? V.

- 5+ 12 = 25 x 10?V

, 17 7

V= = —-— x 10" = 68 vyolts,
25 x 10? 25

Therefore, total energy after connection is given by

E<%CV+%GY,
= %x011110'°x682 ‘z&x()l‘lxlO“’x682
= (0.055 + 0.085) 68 x 10 . B
= 0.14 x 68 x 10
= 647.36 x 10°
= 6,5x10°]J.

EXAMPLE 48.

A parallel plate capacitor of surface area 5% 10* m? is connected to an
external voltage of 240 volts. If the separation of the plates is 4cm,
calculate the capacnance and charge of the capamtor and the total energy

stored in it.

If the separation is then filled with mica of dielectric constant 7, calculate
the new capacitance and energy of the capacitor.

(e, = 8.85 x 102 C* N' m*
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SOLUTION:

3 - o - b
The capacitance of a parallel plate capacitor 1S given by

ace area of one platé,

here A is the surf’ _
d :is the separation between the plates,and €, 1S

permittivity of free space.
8.85x 10% x5 X 10* |
Hence C = ——

- —

4 x 107

8.85 x 5 x 10
44.25 x 10"
4.4 x 10°F

._—__—-===='—'

oo

The charge on each plate is given by

Q =CV = 44X 10" X240
= 1056 X 10

= 106X10°C = LOGX 10° uC.

i

138
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The energy stored E is given by

E= %QV
= 2 X1.056 X 10° X 240
= 120 X 1.056 X 10°
= -126.72 X 10*
= 1.27 X 107 J .
With the dielectric, then
€E = €€,

where ¢, is dielectric constant,

.. €= Te.

Thus if the new capacitance of the capacitor is C',

then €A Te A
Cl = IR e
d d
= 0
= 7x4.4x 10"

30.8 x 10°7F.

E = %CV

% x 30.8 x 10 x 240°
15.4 x 2407 x 10°F
887040 x 10?

8.9 x107J.

139 °
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4.13. PROBLEMS

4.13.1

4.13.2

4.13.3

4.13.4

4.13.5

4.13.6

Two ; of valuc 1uF and 2 uF are
cae‘c)la:ilrl;:r?n parallcl. then in series,across a 3v
. the charge and p.d of each

bmcri):;x i?e::t::t:rangemem. Which arrangement
::gal‘:igher value of charge in the 1pF capacitor?

. ted in series with an
citor 1S connec!
A 4uF ncaclf:) - citance 4cross a av battery source.
unknoh“;r e of 8uC flows in the circutt, determn)c
lagarnt. citance and the p.d. across it.

known capa : :
t}l;:n:: calculate the combined capacitance of the

circuit?

A hollow sphere of radius 2cm carries_ a charge of
+ 4.8 x 10"*C. Calculate the capacitance of the

sphere and hence the p.d. on its surface.

A p.d. of 100v is maintained across two capacitors
of value 5uF and .10uF connected in series.
Calculate (i) the p.d. (ii) the charge

(iii) the energy stored, in each capacitor.

A square parallel plate capacitor of side 25cm and
separation 1.5mm is maintained at a p.d. of 300v.

~Calculate the capacitance of the system and the

charge on its plate. Suppose the separation is filled
with mica dielectric of dielectric constant 7,

- calculate its new capacitance and charge (¢, =

8.854 x 102 C? N m?),

Repeat Q.5 for a disc parallel plate capacitor of

~ diameter 25cm. |
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4.13.7 A spherical capacitor cmﬁists of two concentric
spherical shells of radii x and y, where y > x.
Show that its capacitance C = 4x¢,

4.13.8 A dielectric slab of thickness h and dielectric
constant k is inserted exactly inbetween a parallel
plate capacitor of area A and separation d. Show
that its capacitance after the insertion is given by

kd - h (k-1)

IfA=80cm?’> d=15cm, h=05cm, k =28.0and p.d
across the plates is 100 volts, calculate the capacitance
before and after the insertion of the slab.

4.13.9 If the separation of a parallel plate capacitor is
filled with two dielectrics as shown in fig. 59(b)
and (c), show that the capacitance of b is given by

e -/

141
— H

Scanned with CamScanner




142

Scanned with CamScanner



CURRENT ELECTRICITY

5.1. Electric Current

The flow of any fluid in a particular direction is called a current,
eg water and air current. Similarly electric current I is the flow
of electrons (or charges generally) in a particular direction. It is
defined as the quantity ef charge q that flows across a cross-
section of a conductor per unit time. Hence

[ = q/t (CS™) or Ampere (amp). If the rate of flow of charge
with time is not constant, then the current varies w:th time. In
such case, we express I as a differential equation.

(5.1)

.I-'
/

In' isolated metallic conductors, outermost electrons of atoms
(called free electrons) are free to drift randomly in different
directions from atom to atom, just as gas or water molecules are
ftgée to move at random. If we consider the cross-section of ar
isplated copper wire for example, at a particular location along the
wire, the net flow of electrons across the cross-section is zerc.
- Thls ‘means that the rate at which the electrons pass the cross-
secnon from les to right is the same as the rate from right to left.

If thc ends of the wire are set at different potentials by connection
o the positive and negative terminals of a source of emf (say 2
ba“ef)') e!ectrle field will be created at every point along the wire,
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:-h will cause all the electrons to begin to drift from location of
whe tial to that of higher potential, that is in a direction
Iower_pOt:';’ that of the electric field, hence generating electric
oppOSI:B The direction of the electric field is from the point of
ﬁ?;:crrl i:aotcntial to that of lower potemial: Hence the direction of
the electrons in electric current IS opposite to that pf tl}c electr?c
field moving them. However, the electronic motion in electric
current is not smooth. The electrons are accelerated as they move,
but keep colliding with atoms of the mtjztal. as they move. Each
time an electron collides with an atom, lt.IOSE'r? part of its energy
1o the atom and slows down, while the vibrational energy of .the
atom increases. Hence the overall effect of these collisions is a
wransfer of kinetic energy of the accelerating electrons to increase
in vibrational energy of the lattice, and hence increase in
temperature of the wire.

However. there is a net forward movement of the electrons in a

direction opposite that of the positive field, with a constant average
drift speed, V,,

The conventional direction of electric current however is opposite
to the actual direction of motion of the electrons generating the
current. Hence the direction of the electric current is from higher

potential to lower potential (eg from positive terminal of a battery
to the negative terminal).

5.2. Electronic Drift Speed, V 4

Consider a section of a conducting wire shown in fig 60.

144
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Consider a cross-sectional of the wire at P. Suppose the electrons
that pass P reach Q in 1 sec. Suppose also that there are n drifting
electrons per unit volume of the wire, and that each electron
carries a charge C. If the drift speed of the electrons is V,, then
in 1 sec, the electrons crossing P will cover a distance, V,. Hence
if the cross-sectional area of the wire is A, then the section PQ

will have volume AV,.

Hence the number of electrons within PQ is nA V4, and carry'a
total charge nA Vege.

Thus thc‘rtotal charge per second (that is the current) that crosses
P is nAvge.

.I=nAVe 52
: I |
oV, = e | - (5.3)
nAe
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" carryi harge
Generally for any charge carrier in a conductor, carrying a Ciarg
q,
\Y% : (5.4)
d BB seme :
nAq
Current dénsity J is defined as the amount of current per unit area

-section of a con uctor It is a vector
. tl ) t . 3 .
t all points across a Cross-s _f d ; ‘ e,

quantity and has direction of electric current.

I
1= == (5'5)
A _
Thus in terms of current density,
J . |
Vy = —- , (5.6)
ne

5.3. Resistance, Resistivity And Conductivity

1. Resistance, R

This is one of the electrical properties of materials. It is

defined as the ratio of the potential difference between two
points to the current flowing between them.

A

e | 5.7)
. (

ThusR:

When p.d. is in volts m

. . and current is in ar istance
R is measured in ohms . M. Aps; Te8
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2. Resistivity, p .
This is another electrical property of materials and depends

on resistance. For isotropic materials (i material in which
its property does not depend on direction within the
material), resistivity is generally defined as

E

p: -

!

(5.8)

where E is the electric field in the material, and j is current
density.

Let us now consider a conducting wire of length 1 and cro.:
sectional area A. Suppose we apply a p.d., V between its ends.

Then if the cross-sectional surface of the ends of the wire are
equipotential surface, then E and j will each be constant at every
point along the wire, and will have the values

v i : ;
E = --andj= ---—- where i is the current flowing
I A
along the wire.
Hence E Vi
| p = e = = VLA
J i’A
, \% A A
= e .- =  + - (5.9
i . 1 ' '
i - ¥ 2 o
R =plA 610
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| . [ . e 3 h is
From this relation, we derive the unit of resistivity, whic
ohm - m.

3. Temperature Dependence qf Resisﬂvit:; —
In conductors, resistance | mcreasc.;d o atT, (©°C)
increases. If p, is the resistivity of aco

. * b
then its resistivity p at temperature T is given DY

where « is the méan temperature coefficient of resistivity
between two temperatures. ‘
: BNEY Y
o= llpo -------- (5.12)

Generally the temperature coefficient of resistivity is defined as the
fractional change in resistivity (dp/p) per unit charge in T.

Hence
. 1 dp “ g
o = - (5.13)
. p pT
4 Conductivity, o.
This is defined as the inverse of resistivity;
Hence o = 1/p. (5.14)
The unit of conductivity is mho.
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LA

{

E Carbon (amophous) 3500.0 -0b
| Carbon (graphite) 3w 185 {-0.6) to (-1.2}
| Iron 9.8 - 56

Mercury

Table 2: Resistivity of some substances

Resistivity p (chm-m) at
20°C x 10*

2.82

49.0

4.3

44.0

0.01

85.77

091

| Nickel

| Nichrome

6.8

6.0

5.4 Ohm’s Law

Robert Ohm in 1826 discovered a very important relationship
between the p.d. applied to a conductor and the resultant current.
This is called Ohm’s law and states that the p.d. applied across a
conductor is directly proportional to the current flowing through
it, provided temperature and other physical conditions remain
constant.

Thus V o |
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T (5.15)

o : of the
where the proportionality constant R is called the resistance
conductor.

. _ : ic material (that is
If a graph of V is plotted against | for an Ohmlﬁg. 61. it will be

a material that obeys Ohm’s law), as shown in
a straight line that passes through the origin.
linear curve is a measure of the resistance, of the ma

The slope of the
terial.

o
A)

Fig. 61. Graph of V (vs) I for an Ohmic material.

For non-ohmic material (that is materials that do not obey Ohms
law), the graph of V (Vs) + is non-linear, but a curve. For:
example, for a thermistor, the V (vs) I curve is shown in fig. 62.

150

B ]

Scanned with CamScanner



' e ek -
lo 320 30 y(v)

Fig. 62. I (vs) V curve for
thermistor. |

Other non-efimic materials include: vacuum tube (Type 2A3),
semi-conductors (eg. silicon and germanium etc). transistors. etc

I vs V curve for a diode valve is shown in fig 63.

@ .10 10 30 ko V() |
" Fig. 63 1 (vs) V curve for a diode valve.
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5.5. Verification Of Ohms Law: l _
The circuit for this experiment 18 shown in f1g. 64. ‘t_ 00"315:-15 a
of cell or batery, an ammeter, a voltmeter, a resistor and a
variable resistance (like rheostat Or resistance box).

ce is used to vary the
ce. For each current
s measured with a

the invariable resigmn
e resistan

tance R 1

in the experience,
current in the circuit by using th
value, the p.d. across the resis
voltmeter. When graph

of 1 (vs) V is plotted, it 15 foun
origin,confirming Ohm’s law.

dtobea straight line through the

Fig. 64.  Circuit for verification of Ghm’s law.

%~ The Potentiometer.
fti7s is one of "the high accuracy devices for electrical
measurements. Pointer instruments like ammeters and voltmeters
have. intrinsic errors (about 1% of full scale) which is absent with
potentiometer. |

‘_5? ;hown-in fig. §5 below, a potentiometer consists of a uniform
wire A.B (about'one metre long), and an accumulator E which
maincains a steady current I through the potentiometer wire.” The
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T R e

cted 10 the ends A and B of

terminals of the accumulator arc conne

the wire as shown.

Fig. 65. A Potentiometer.

Usually, a meter rule is mounted below the potentiometer wire to
determine its length during measurement. If the resistance of the
wire is R, then since the wire is uniform, its re51stance per unit

length

(r = R/1) is constant. Hence its voltage, drop per unit length

(V = V,u/l = Ir) along the wire is also constant. (neglecting
internal resistance of the cell).

5.7 Measurement Of emf Of A Cell By Use Of

A Potentiometer. .
To perform the experiment, the +ve tcrmmal of the unknown emf
E, is connected to the point A of the potentiometer, while the -ve
terminal is connected through a sensitive galvanometer G to 2
slider, S, as shown in fig. 66.
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When the slider is placed at A, the cell I:ELO will !)e tﬁgnlgzcte:d
straight across its terminals and current I, will flow In : }; in
the direction of E, causing the galvo 10 dleﬂec_hs?ly to f:-: eti;:,

lider is moved to B, current I, Wil O}V m the
bl osite direction to E_ (if

potentiometer circuit into the loop 1n Opp | :
V,; is greater than E,) causing the galvo to deflect to the right.
If the galvo deflects to the same side In both cases, then E, is

greater than V 5 or both of the positive terminals of E and E_ are

not connected to A.

The deflection of the galvo to the left and then to the right in the
two arrangements implies that the currents [, and 1, are in opposite
directions and that there is a point between A and B where 1, = |,
and hence where the galvo deflection shall be zero. |

The slider js then moved (by trial and error) to different positions
unti} the balance point P is located. (Care must be taken not (0
slide the slider along the wire to avoid scraping its surface which

will destroy its uniformity), "\

154

Scanned with CamScanner



At the balance point, Vi = E . The volta
AP and there is no voltage drop due to its
alvo rcsistar:;:_ hccau'(s;: mhccurur:m is fl
¢ this condition.  On the other hand all the cyr
:r:lt:cﬂﬂ“’ undt?r this condition through AB hence Cfcgl:inr:gdgfc todE
V,,. Comparing th_c loop and the potentiometer circuit q?me
voltage drop per unit length along the wire is constant, the:n‘

ge E, fully appears on
Internal resistance or the
owing through the loop

V, E

“0

AB AP (5:16)

Suppose AB = | and AP = |, then

VAB Eo
l L (5.17)
- 1,
Eo - — lo = e VAB (5.18)

| . 1

If the internal resistance of the cell E is r,;' then
E = Vg, + I, | (5.19)
Vo =E-I, | | (5.20)

eence if E, r, and I are known, we can then easily determine
ABe

5. | ‘
vy, Comparison Of emfs Of Two Cells

' v las‘,case’ the cells E, and E, are connected one after the
- o0 their respective balance points |, and I; located.
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Then, E/l; = E/, (5:21)

5.22
EJ/E, = L/, (5.22)
we can easily determine

o i w mf, .
Hence if we know the value of one € d a standard cell.

the other. The known emf is usually calle
. ' . ' ] ust
In the use of a potentiometer, the following precautions must be
taken. R
. . Y
(i) ensure that the wire AD 1S
(it) ensure that constant current ﬂom through AB
(iii)  ensure that the positive terminals of E and the
loop emf E, are connected to A. -
(iv) ensure that the loop-emf is smaller than E.

5.9 Comparison Of Two Resistances.

In this case, the two resistances R, and R, are first connected to
external voltage source as shown in fig 67. before connection to
potentiometer wire. The connection to external voltage creates
p.d. across the resistances which can then be used to balance the
p.d. across the potentiometer. The resistance are therefore
connected in turn to the potentiometer and the balance points of the
two p.ds., |, and |, respectively aré determined as before. The
rheostat in the external circuit is used to keep the current I',
flowing through the resistances, constant in the two measurements.

Hence as before,

o B 5D
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I'R, |,

N — s

'R, |,

R, l |
o [ (5.15)
Rz 12 /

5.10 Kirchhoff’s Laws

Kirchhoff (1824 - 87) extended Ohm’s law to networks. There are
two basic laws. .

The first law. 'This law refers to current flowing into and out of
8 junction in a network. It states that the total current ﬂowmg';l'?,ti:

4 Junction is equal to the total current leaving the junction. 1
on P, and iy, Is &€

Iy in fig 68 is current flowing into the juncti
current leaving the junction, then,
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"I = ‘1 + ]\

Hence i, - i, -1, = 0 (5.%‘_5)

The law can therefore be stated as'follows; that the algebraic sum
of the current at a junction in a circuit is zero (that is £ 1 = 0)

where the current is taken to be positive if it is flowing towards
the junction and negative if it is leaying it. |

The Second Law: This refers to
a circuit and states that, the algebr
encountered in a complete traver

potential charges in traversing
aic sum of the potential changes
sal of a circuit loop is zero, where
@ . ifa resistbr R is tr ' '
. | S traversed in- irection of the
current i, th o

e change in potential s - j e in
the s - iR, while
the opposite direction, the chahge is + iR,.
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i) ifaseat of emf E is traversed in the direction of the
emf, the change is +E, while ;

» .
direction, the charge is - k. the opposite

choice in sign of the change depends on whether the change

i from a lower 10 higher potential (+ve) or from a higher to
lower potential (-ve).

Let us now consider some cases of circuit loops.

Case 1. A single circuit loop having one seat of emf E, and an

external resistance, R. Suppose a current i flows in the circuit as
shown in fig. 69

—a

¢

.
X
vy

-

AM—e 4
-——-* . .

L

Fig. 69. A single circuit ioop.

Th?" applying the second law, if we traverse the loop in
anticlockwise «:irection, then
E-IR =0

| (5.26)
E = iR
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Case 2. If we consider the internal resistance of the cell in cﬁz
1, then we can draw the circuit as shown in fig 70, where ¥ e ait
internal resistance of the cell and is included in the c‘;cmc
separated for clarity. In this case, the algebraic sum ©

potential charges will become,

=3

——.-".’L”_,"""l

i

Fig. 70: Case I with the internal resistance
of the cell considered.

E-iR-ir =0
Hence E = i (R + r) (5.27
Case 3. Suppose we have two seats of emf, ¢, and ¢, arranged &
shown in fig 71, with Sdy wo external resistances, R, and R;.
Then if € > €, and the internal resistances of the cells are r, and
'?h respect:v?ly, then a current i will flow in the circuit as show-

"us applying the second law, we will obtain by traversing the
circuit in clockwise direction that - ¢
160
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Fig. 71: Two cells and resistances in a single
loop circuit.

= (5.30)
(r, +r,+ R, +R)

Case 4: Consider a double loop circuit as shown in fig 72.

If we traverse both loops in clockwise direction, then from loop 1,

"4t +i)Ry+ i, R, =0 | (5.31)
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Fig. 72: A double loop circuit.

From loop 2,

| ' 5.32)
fz‘*‘(i:‘*‘i:)Rs"lsz:O (

If we solve these two equations simultaneously, we obtain by

adding the two that

€y - € +i; Rl‘iiRz‘:O | (533)
Thlls-ig R] e iz Rz + € - & ' (5.34)
(iz Rz + € - El) s
Iy = e (5.35)
R, |
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o .’j”:

f we substitute this in equation 5.31 we obtain,

LR, + -6 i1R1+G|‘Gz
6+ (———a) By ki Ry # (—————)Ry=0 (5.36)
R, R,
&R, + (LR, + €-€)R, + L,RR,
| + (i,R, + €,-€,)) R,=0
L OTER + LRR; +.€\Ry-€;R, + i,RR,

+ iR R, +E:R1 - &R,=0
h (RR, + RRy + RR) = &R, + ¢R,-¢R,
- & ® v R) - ¢k,
& (R; + Ry - ¢ R,

= = - (5.40;
R]Rz +R2R-; + R3R1

Substituting in equation 5.35 we obtain,

e, (R, + R,) - €& R,
I = - —— (5.41;
R, R, + R, Ry + Ry R, |

5.11 The Wheatstone Bridge.
This bridge circuit'was designed by Wheatstone about 1943, for
aCcurate determination of a resistance. In the arrangement,
three known resistances P, Q, R are arranged in four branches
With the unknown resistance X as shown in fig 73. A galvo s
COnnected between A and C with resistance Rg, while B and D
are connected to a seat of emf.
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Fig. 73. The Weatstone bridge circuit.

To determine the resistance X, R is adjusted until the galvo at
Rg is balanced (that is shows no deflection). If we consider the
loops, ABCA and ACDA and traverse the two loops In
clockwise direction, then from ABCA,

igRg + ,P-i,Q =0 - - (5.42)
From
ACDA,
-igRg- G, + i) X + (i, -i) R =10 (5.43)
R+ X+ Q- R+, X =0 (5.44)

Since i, = 0, then from equation 5.42,
WP-1,0=0

. llp = IIQ
164
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. (5.45)
i P
45
from 3 QR+, X = (5.46)
iR = i,X (5.47)
i X
e e (5.48)
1, R
Q X
we 5 - (5.49)
P R
Q «
‘Hence X = - R, (5.50)
P | |
If X is known and , is to be determined, then one more loop K

must be considered, say BDCB.

If the loop is traversed in
anticlockwise direction, then

e-L,Q-(,+i)X =0 (5.51;

(neglecting the inten}al resistance of the cell).
e-,Q-LX-iX = 0

-, (Q+X) -i,X=0 (5.52)

To eliminate i,

042 by R a
Obtaip,

from equations (5.42) and (5.44), we multiply
nd (5.44) by P and add the results. Hence we
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i, RR + i, PR-1, QR = 0 (5.53)
L(R,+X+QP-iPR+,PX=0 (554

Therefore, adding (5.53) and (5.54) we obtain, |
L RR + i, (R, + X +QP-i,QR + i, XP =0 (5.55)
(Rg:P; + R, + XP + QP) i, +(XP-QR) i, =0  (5.56)

We now eliminate i, from equations (5.52) and (5.56) by

multiplying (5.52) by (XP - QR) and (5.56) by (Q+X) and add
the results. Hence we obtain

€ (XP - QR) - (Q + X) (XP - QR) L-X(XP-QR)i =0 (5.57)

(RR + RP + XP + QP)Q + XN, + (XP-QR)(Q + X) , =0 (5.58)

Adding (5.57) and (5.58). we obtain

«(XP-QR) - X (XP-QR) i, + (R R + RP+XP + QP) (Q+X) , 0 (5.59)
- €(XP-QR)-{X(XP-QR)-(R R + RP4xp + 4p) (Qex) i - 0
]

(5.60)
€ (XP - QR)
h = e e e i o o
X(XP-QR) - (RR + RP + yp . P (Q + x) (3.61)
_ € (QR - xp)
®o s Q(PQ + PX R:\) QR R 4 PX) 5oy
B
?.12 Electrica Heating P
onsider curreny j flowing thre " Ower.
B as shown i fig 7.4 MWED 3 condue
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' VAB’-':R

€= e s

A [* }——)'B ¢

Fig: 74: Heating affect of electric current

In time dt,
dq
I =  -———-- where
dt

dq 1s the amount of charges flowing across a point in the
conductor in time dt.

Hence dq = idt. .
The work done in moving these charges dw = Vdq = vidt

Thus if it takes time

el t for the charges to crqss AB, then the

W= faw = vila = iV t. (5.63)

ount of electrical energy E given up
ar : .
Thus sjp ol ' passing zfrom A to B. Generally E = ivt.
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Usually this work done or electrical energy relcasaq appears as
heat in the conductor. Joule investigated this heat 1n 1841 and

found that the heat produced per second in the conductor by

passage of a current I is directly proportional to the square of

the current, and the resistance of the conductor.
Separately, H o
and HaR |
Thus combining the twoO relationships. ;we have/
HaPR.
This is called Joules law while the heat produced is called Joules heat.

. Generally, H - ER (5.64)

Since H is the heat energy liberated ¢from the conductor per second
(E/t), it is the measure of electrical power P supplied. -

Thus P = PR ' | . (5.65)
- IV (5.66)

The electrical power is measured in watts (W) |

1 Kilowatt- (KW) = 10" @am .
| Gigawatt (GW) = 10" watts. :
168
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5.13 Solved Examples

Example 5.1 ‘
A current of S5A flows along a copper wire of radius 0.5mm. If
the wire contains 107 electrons per unit volume, calculate t.h.e
drift velocity of the elections (e = 1.6 x 10°C),

SOLUTION:
Let V, be the drift velocity of the electron. In one second

[herefdrt?, an elepn-on will cover a distance of V4 (m). The
volume in this distance = AV, (m’) where A is the area of

cross-section of the wire,

Therefore, the number of electrons in this volume = nA V,
where n 1s number of electrons per unit volume. K

Therefore, total charge in this volume & nA V, e where e is
electronic charge. | |

But I = fotal charge (@) _ Mve ¥

Time (1) - ot
(since t=Is) .'
_-_'Vd -1

nAe
The radius of the wire, r = 0.5mm = (0.5 x '10'3)m
.+ A ='sr* = 3,142 x 0.25 x 10* = 0.7855 x 10% m’
.
107 x 0.7855 x 10% x 1.6x 10
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5 5

= emee- (ms™)
0.7855 x 1.6 x 10* - 1.2568 x 10*

5x 10 |
- (cm s
1.2568 x 10?

I

|

!
5
=
w2

= 3.9 cm s?.

EXAMPLE 5.2 |
Q) A steel rod has length 80cm and radlus Smm If the

resistivity of steel at 20°C is 18 x 10® ohm, calculate the
resistance of the steel rod. -

Gy If the mean coefficient of resistivity of steel is 3 x 10® K
! calculate the resistivity of the steel at 90°C. '

SOLUTION:

(i) P = 18x10%ohm -m
L= 30°m = 0 8m
r . Smm = 5 X 10-3

Therefore, Area of cr@ss-secnon of the steel rod

g _= ‘l'l‘z = 3142!(5::104)3
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g
- Resistance R - p4 . 18x10 'x0.8

A 3.142x25x10° ¢
= L83 x 107 ohms.
Gy, a« = 3x10°K’
T-T,=90-20 = 70K
p= p, {l + & (T-T)}
= 18 x 10* {1 + 3 x 10° x 70}
18 x 10* (1 + 0.210)

18 x 10" x 1.210
21.78 x 10° Ohm m.

I

EXAMPLE 5.3

A battery of p.d 6 volts is connected in a circuit to two resistances of
2 ohms and 3 ohms through a resistance of 4 .ohms as shown in

fig. 75. Calculate the current flowing through each resistance (neglect

internal resistance of the battery).

171
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——— e e . ..__

SOLUTION.
(i) To find I (the current flowing throu .
find R,, which is the combined resistance ot the resist
in parallel.

gh the 4Q - resistor) we first
' ances 2Q and 3Q

__1_.=l+.-=——-—=-‘
R, 2 3 6 ¢
6
= = = 120Q

Ry = 3

Therefore, combined resistance of the circuit,

R=R,+4=1.2 + 4 = 5.2Q since R,, is now in series
with the 4Q resistance.

But from ohm’s law.
V = IR.

.. 6 =1x5.2

. I =6/52 = L.15 amp.
(i)  Letthep.d. between aand bbhe V.

; Vnh=.llx2=2|1
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Also, Vg = 31,

Butl, + L, =1 = 1.15 amp. Therefore substituting for 1, we obtain

3
-'i 2+Iz=1.15

I (

N W

+1) =115

N |

I = 115

I =115z 2
5

023 x2

o 0. 46 amp,

Also I, = I-1,

1.15-0.46

0.69 amp.

Alternatively.- we can use Kirchhoff’s Law. To™dg this, we note M
“ b + 1,. Let us traverse the two loops, aPbed bed both In
“Meclockwise direction. We will obtain the equations
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6-211-4(1, +1,)=0
ie 6 - 6I, - 4I, = 0
And 6 - 3,-4 (1+1,) =0
e 6 -4L,-7,=0

Equation (2) x 7 = 42 - 421, - 281, = 0
Equation (4) x 4 = 24 - 16], - 281, = 0
Equation (5) - (6) = 18 - 26I, = 0.

| = 1826 = 0,69 amp.

Substituting in (2) we obtain
6-6x069-4l, =0

6-4.14-41, = 0

1.86-4l, = 0
.1.86
I, = - = 0.46 amp.
4

l-—l + I, = 069+046
= lgSamg

EXAMPLE 5.4

In the given circuit (fig. 76) calculate the

(1)
(2)
(3)
(4)
(5)
(6)
(7)

branches AC. AB, DA, DC, CB, and Bncurrent PoTing: frough g
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SOLUTION: o | |
Traversing the loop ABCA in clockwise direction, we obtain,
20(,-1) + 10, -100(1, -1)= 0

. 201, - 201, + 10L, - 1001, + 1001, = 0
. 201, - 1001, + 90L = 0 (1)

Traversing ADCA in cIockwnse dlrecnon we get,

401, - 1501, - 10L, = 0 @ |
Equation (1) x 40 = 800 I, - 40001, + 36001, = 0 ;- (3)
Equation (2) x 20 = 800 I, - 30001, - 2001 =0 (@)
) @) = - 10001, + 3800l =
38001 . .
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Substituting in equation (1) we obtain,
201, - 100 x 3.81; + 9L, =0

201, - 3801, + 90L, =0

201, - 290, = 0
2901,
= lz = —— = 1435ll22 | (6)

20
Traversing loop BCDB, in clockwise du-ectlon we obtain,
5-40,-20, +1) =
5 - 601, - 201‘ =0 ™

Suhsututmg for I2 in (7), we obtain
5-60x 1451 -20, =0

5-8701, -201, = 0

5-8901 =0

L= 51890 = 0.0056 amp,

l, =3.8x0.0056 = 0,02]13 amp
Aod 1, = 14.5x0.0056 = 0.08)2 amp
© e = L= 0,005 ymp,
e =1 -1 = 0.0213 - 0.0056

= Q0157 amp,

oa =1, = Q0213 amp

)7t
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[

L, .= 00812 amp,
le = L+1 = 00812 + 0.0056

.* 0,0868 amp,

Ieo

i
Jmem—
]
p—
L
+
hl-

= 0.0213 + 0.0812

EXAMPLE 5.5 - aamg,
(1) A heating coil has resistance
plu_gged to a 240 yolt supply
deliver in 5 ming’

of LS'X 10° ohms. If it is
» What amount of heat will it

() If the coj i ; o
i IS Immersed imo a li 5w
temper: o quid of mass 1.2
“temgé:ature 2§ & a_nd s.h.c.32x10°) Kot K‘lfg’
ature of the liquid after § mins * s Calenlae the
SOLUTION |
(1) l\{ = 240 volts

But \Y/

i) E < 15 g0 22200
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5.14.2

5.14.3

Therefore. if 1S (emperature afte

[ § min T Ol then

5.14 Solved Examples
alue 20 and 3() are connected in

Two resistance of v
parallel before @ 6-v battery i connected across

them. If a current of 2 amps flows in the circuit,
calculate the internal resistance of the battery and
the amount of current that flows through each

resistance.

A resistance of 2000Q 1s conncéted in series with
another resistance of 10004, and both are connected
o 2 _120-volt source. Calculate the current in the
circuit and the p.d. across each resistance.

ggur4;§sistors AB. BC.CD and DA of resistances
for}n y l;Zﬂ.and 4Q respectively are connected 10
closed loop, and a 4-v battery of neghgible

internal resistance i
$ connec
C. Calculate: ted externally to A and

(i)  the p.d. between BD

(i} - the curre .
(iz'ﬁ) ;;h; ﬁg?""’ flowing through each resistanc®
ue of the additional resistance which
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must be connected between A.and D so that

no current flows through a galvo connected
between B and D.

5 14.4 A thin carbon wire of diameter 0.8mm has length of

T 1.5m. If its resistivity at room temperature (27°C)
is 3.8 x 10°° ohm metre, calculate the resistance of
the wire. If the temperature of the wire rises to
80°C, calculate its resistivity and hence the new
resistance of the wire. ' '

5.14.5 A wire with resistance of 201 is drawn out so that
its length doubles. If the resistivity and density are
not changed during the process, then calculate the
new resistance of the wire.

5.14.6 A small current of 10 amp flows in a copper wire
of diameter 0.72mm. Calculate the electron drift
speed.

5.14.7 A battery of emf 6 volts and internal resistance

1.5Q is connected across a Wheatstone Bridge as
shown in fig. 77. Calculate the current flowing

through each branch of the circuit for the given
resistances.
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5.14.8

A three loop circuit is arranged as shown in fig. 78.
If the internal resistances of the two cells A and B
are 1.0Q and [.5Q respectively, calculate the
current flowing through each branch of the circuit.
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MAGNETIC FIELD AND INDUCTION

The regron around a magnet or a current m.rry”.'%:;:lt]:.h;:.]:; M'l;}::
@ Magneue lorce is expericnced is called a m-dLn addition 1o 1),
magnetc field exists around a MOoving char;',t.. l‘ " Wht_.,hu bl
clectrostatic field which always surrounds the charge Eirie § Id'
M moton or not. The electrostatic field or SHIIPWF'TLML‘I lfi al
T up h\ m(\\mg (h.n)'__t'.‘s 15 (-mnp;ualtwcly very smal < SUch tha

. . - » . ] )' »
the electrostatic force on 3 moving charge is negligible
camparison with the magnetic force

A magnetic field can be represented by magnetic field lines n the
SAme way an electric field js represented by electric ficld lines.
e magnitude sense  and direction of the Mmagnetic ftield s

represented by a vecior Quantiy, B, called the magnetic flux
density or simply magnetic induction.

By convention. magnetic field lines are dr

o the field line ar 4 point
and the number of thes
direcuon is made equal
Hence the induction a¢ a

awn such

lat the tangent
gives the direction of B

at that point:
unit areg normayj

0 the magnityde of the
point can

) - be expresseq N "lines Per unit
area”. A line of Induction ig Called a weber and the magnenc
induction B jg Expressed ip weber

PEr square mege :
@l number of lines ‘ ‘ L pw/m?).
called the Mmagnetic f
It B uniform and n
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If B varies from point to point on a surface and if the surface is
not everywhere at right angles to the field, then consider an
infinitesimal element of area dA whose normal, N, makes an angle

¢ with B. The projected area of dA perpendicular to the field is
dAcos@ and the flux through it is Bcos@dA. The magnetic flux

through the whole surface is expressed in webers.

® = (BcosbdA) (6.2)

6.1 Magnetic Force On A Movixig Charge

Fiz‘”b. % II % ) < y
¢ Q moving perpendicular to a uniform

183
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Fig. 77 b. shows a region thr .
induction are straight. parallel to the X-axis and u

A positive charge Q, moving with velocity V pe
experiences a force F in the direction shown, pe
o v and B. The magnitude of this force 1s

oughout which the magnetic lines of
niformly spaced.

rpendicular to B
rpendicular bott

F = (QvB (6.3,
in vector notation

F=0vxB (6.4,

The relation between the directions of F. v and B, which are mutually
perpendicular, is obtained using the left-hand rule, fig. 78
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Fig. 79: Charge moving at an angle to a uniform
magnetic field.

of the force exerted on the charge is given by
F = BQvsin0 (6.5)

Hence the force is proportional to the component of the velocity
(v sinf) perpendicular to the direction of the magnetic induction. The
direction of the force is always perpendicular to the plane determined by
vand B. When the angle 6 between v and B, is zero then V is either
parallel or antiparallel to the direction of B, and the magnetic force
vanishes. Equation (6.5) may be used to define the magnetic induction
as

. L

B = —

Qvsind

Which is word

s 5 can be stated thus: The magnetic of the magnetic

ucti o ; .
cha,gelo:t attha point is the_QfJOI!cnt obtained when the force on a moving
Component : point is divided by the product of the charge and its
of velocity normal 10 the induction.
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Note: (2) The unit of B can be deduced
B = F = N = ...._N_.- = NA -1 M_l
Qvsin®  Cms™! AM

The unit of B is thus INA™ m™ but for convenience we define a new unit
called the weber (Wb) such that

1 Wbm? = INA'm’
or | Wb = INmA™* = 1Vs
The unit Whm? is consistent with the idea that B is a flux density.

(b)  The S.1. unit of B is called the tesla (T), defined so that
IT = IWbm” = INA' m"
(c) Orders of magnitude .
[n the earth’s field B is about 5 x 10°T. At the centre of a

circular coil of 1000 turns each of radius 107'm and carrying a

current of 1.5A, B is about 10°T. Between the poles of a large
electromagnet, B is about 2T, :

(d) I acharged particle moves through a region

electric field and i in which both an
: 4 magnetic field are present the resultant force
g = QE + QvxB
" , = QE + VxB
Equation (6.6) is Sometimes called the Lor()amz forc (6.6)
e,
An earlier unit for B stil
ot T o still in commgop ; |
IT = 10G. US€ 1s the Gayss (G) such

(e)
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Magnetic Force On A Curmrent-Carrying

. ﬁ\T gl

| .
P \r \r | \¢ ‘L |
! | ' : t
y € L ¥
Fig. 80 (a): A current-carrying Fig. 80 (b): Unifom.l
wire placed at right angles to a Magnetic field B acting at an |
uniform Magnetic Field, B. angle 0 to the current- '

carrying wire. I

Fig. 80 (a) shows a wire carrying a current 1, cross-sectional area
;n::gmthe velocity .drift of the cox_lduction e.lectrons 7 thhhe
Paper ﬁ.r will experience a magnetic force fhrf:cted. out qf, e
magneticofm the agent responsible for establishing Phe uni olrr'n
Carrieg |, leld m“"f_] the conductor. The current, 1, ina meta :
*lectrg ’ em“dycnon electrons, n being the num!:erd of fﬁ:;e
Merage fol:r Unit volume of the wire. The magnitude O

On one such electron is given by | .
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F, = Bey,

where V, is the velocity drift of the electron

Therefore, F, = Be (I/nAe) and it is directed out of the paper.. If
a length, L, of the conductor is available there are anL conduction
electrons the electrons experience a total force F given by

F=ILxB
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4.3 Motion Of Charged Partides In A Magnetic
"~ Field

L 3 A x = x % .
Fig. 81: Orbit of a charged particle in a uniform magneac field
when the initial velocity is perpendicular to the field.

Let a positively charged particle of charge Q, at poir.u 0,‘ in a
uniform magnetic field B, be given a velocity V in a direction at

right angles to the field. An upward constant force F defined by
(6.3) is exerted on the particle at this point.Since the force is at
right angles to the velocity, it does not change the Tnagmtude of
this velocity but merely alters its direction. The pgrtlclg thergfore
moves under the influence of a force whose magnitude. is constant
but whose direction is always at right angles to the :velocny of t:j
particle. The orbit of the particle is, therefore, 2 circle desc_rlb i
with constant tangential speed, the force ¥ being the centripeta
force,
- mv?
Since centripetal force ---r~—
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mv?

QB = -

r
and the radius of the circular orbit is

my (6.8)
r = g
BQ
The angular velocity, w, is given by
v BQ (6.9)
W= - = eme-
r m

The frequency, f, is given by

w - BQ
— (6.10)
2x . 27m -

f =  coeme

il

The frequency, f, in (6.10) is a characteristic -frequency for the
charged particle in the magnetic field and it is called the Cyclotron
Frequency of the particle in the field because the particle

circulates at this frequency in a cyclotron. The angular velocity
w (and hence the period T = 2x/w) is independent of the speed of
the particle, while (6.8) shows that the radiys of the orbit i

determined by the speed. - . ey ®
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" 6.4 Worked Examples

Example 6.1: The simultaneous influence of an electric field of
intensity 3.4 x 10° V/m and a magnetic field of flux density 2.0 x
10" w/m?, both fields being normal to the bean and to each other,
produces no deflection of a beam of electrons moving with
velocity, v. Calculate the value of v and deduce the radius of the

electron orbit' when the electron field is removed.

Slo'wom' When there is not deflection of the beam the
clectrostatic force, F; = QE equals the magnetic force F, =

BQv.
QE = BQv
E 34x10°
VB il wepaa.
B 2.0x 10°

my
r = ...
BQ
9.
i \
e ———. /
20X 10°x 1.6 5 15
= 0.48m
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Example 6.2: Determine the cyclotron frequency of an electron

circulating in an orbit of radius 11cm at right angles'to 2 magnetic
field of induction 1.0 x 10 w/m’

Solution: The cyclotron frequency is given by (10)-
BQ
F o= e
27m
1.0 x 10 x 1.6 x 10"
F = coccercammcccamememnesaenm=-

27 x 9.11 x 10¥
F = 2.8 x 10° rev/sec.

Example 6.3: A wire 50cm long and carrying an electron current
of 2.0 amps is located in a uniform magnetic field in which -

B =10 w/m”. Calculate the force on the wire when it makes an
angle of 60° with the field direction.

Solution: Since 6 is measured in the direction of B, = 60°
substituting in (7), F = BIL sin ¢ ,

F = 107x2.0x0.5x 0.866
8.66 x 10°N -

!
Il
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b | Calculate the length of a wire placed at 45° 10 a magneric
5.1. Feld of flux density 0.15 w/m? if the current in the wire is
10.0 A ‘when it experiences a force of 2.12 N.

write down the expression for the magnetic force, F, on a
charge, Q, moving with velocity, v, in a magnetic field of
flux density B. Hence show that the magnitude of the
magnetic force F on a straight conductor of length, L,
carrying a current [ in a uniform field of flux density B is
given by o i

F = BIL sin@ where 8 is the angle the field makes with the
conductor

6.5.2.

A straight conductor of length 6.0 cm, carries a current of
1.5 A and experiences a force of 4.5 x 10* N when placed
in a uniform magnetic field of flux density 4.0 x 10?2 w/m?.
What is the angle between the direction of the magnetic
field and that of the current.

6.5.3. Determine the ratio of the magnetic force to the weight for
an electron projected into a magnetic field of flux density

9.8 w/m® moving with a velocity of 3.0 x 10" m/s in a
ditection at right angles to the field.

6.5.4. Cotnpute the radius of the orbit and the period of

revolution for an electron projected with a velocity of 1.9

x 10° m/s into a uniform magnet; .
: : etic field
induction 5.0 x 103 w/m2 . of magnetic

6. . . .
5.5. A positively charged particle is shot with 2 speed of

2.5 x 10" m/s throy ;

: 107 m/s gh a -region where the magnetic

l{nﬁ:;t;f: tl:115. 0.05w/m2. If the particle moves along a
at makes ap angle of 30° with the magnetic field
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6.5.6.

6.5.7.

12 (
and experiences a force of 9.6 X 10°”N." " What'is " the

charge of the particle.

An electron with its charge of 1.6 X 10 '_"Cf_mlC:iVC; ;Vgh one.
tenth the speed of light across a magnetic Ti€ ho - l 7} 10
w/m?. Calculate the magnitude of the mechanical orce

acting on the electron.
A current of 30 amps flows through a straight wire 12 cm

long. If this wire is placed at right angles to a field of 0.02
w/m? what is the force on the wire.
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THE MAGNETIC FIELD RELATED T0 ITS CAUSE.
7.1 Magnetic Field Created By Moving (.:harges..

In chapter 6 the effect of a magnetic field on 2 moving charge was
discussed. In this chapter wé discuss the cause of the magnehic.
fields. Other charges moving in these fields experience forces.

More commonly the moving charges setting up a field are those
constituting current in a conductor.

7.2 The Biot-Savart Law.
721. The Magnetic Field of a Mmy Charge

Consider the field B produced at the point of observation P by a single

point positive charge Q moving with a velocity V relative to the
observer. Point P has a position vector r with respect to Q.
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The magnitude of the magnetic field at P is found experimentally to be
proportional to

Qvsin
. .

is fi ' : : lane determined
Bis tqund experimentally to be perpendicular to the p

by r and V. We can write the constant of proportionality as p./4x
leading to the equation

B o= () o (7.1)

i, is called the permeability of free space,the permeability constant or

simply the magnetic constant. it has the assigned value, in SI units, of
~ exactly

po = 4w x 107 wbA™ (or TA'm)

i, can have the unit wbA™ m, but is more commonly expressed in the
equivalent unit henry per metre (Hm™).

.Expressed in vector form equation (7.1) becomes

- -

7 _ | Po v
B = (I;t_) Q x3 r (72)

r

(i) . If6 =0 B=0 HenceB is

. W zero ar all points o ]
through the charge in the direction of v = B W

(ii) F{)r a given value of
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(iii)  The lines of induction of the B’ field ‘are circles in plarfes
perpendicular to the velocity vector with centres on a line
through the vector.

7.2.2. The magnetic Field of @ Corrent Element

The magnetic field set up at any point P by the current I in a circuit is
the resultant (vector sum) of the fields due to all the moving charges in
the circuit. The circuit is to be divided, in imagination, into short

clements of length dl. Volume of element is AdI where A is the cross
sectional area. :

- Let the number of charge carriers per unit volume be n and let q be the
tharge carried by each carrier. Total charge dQ in the element is

dQ = nqAdl.

The Moving

charges are, therefore, équivalen_t to a single charge dQ

With the drift velocity v
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M, |dQv sin®
an ) r?

Hence dB = (

Ko ngv Adl sin@
4n r?

But nqvA = the current I in the element. Thus

o Idlsiné
dB = —- o B (7.3)
4x r
or in vector form
Mo Idixr
dB = - (7.4)
4x i#

where dl is a differential element of the length of the wire pointing along
the tangent to the wire in the direction of 1. '

The direction of dB is that of a vector dlxr, namely into the plane of the
figure. We find the resultant field B at point P by integrating the

contributions dB from all current elemen hat make up =
; | ts 1dl :
current distribution. | : ¢ up the arbitrary

Thus:
“_ P rHdxy
4n /3 (7.5)

€quivalent of

o Coulombs Jay All the . oa Law, a magnetic

materialg O In the visinity o non.f strictly only
s On-ferromagnetic
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7.3 ‘The Magnetic Fields Established By Compiete

The Biot-Savart law can be used to find B for various current
configurations. |

7.3.1. The Field B due to a long straight wire.

The magnitude of dB set up at P hy the current element 1d] is

Mo Idlsiné
B= — . | (1.6)
4r . ' ‘

right ;"efitlon of dB is that of dixr, i.e into the plane of the figure at
ngles. We note that dB for every current element has the same

dirﬁCti(‘m, T . )
above hus to find B at point P we simply integrate equation (7.6)
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To proceed we write all variables in terms of ¢:

l = a[an¢
di = asec’ ¢do
; _ asecd, sind = COSP
" lasec’¢pdedcosed
e B ;l;r a’sec’ ¢
or . ;
dB = (—) - Cos ¢do
4 a

4n a

g . W) 1 f:f Costdd

B - B I (Ging. Sing.)
4n a

For the special case of infinitely long wire,
¢, = /2 radians, ¢, = -7/2 radians, and

pol

B= ... |
(7.7)
274

7.3.2. B at the centre of drcular coil,

Suppose the coil has N turn’s each of radi
- - radius r and i
|. The field at the centre i g by ‘ carries a current
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B = [dB

_ () Isin90°
4n rz‘ fdz

u,IN
2

< as

7.3.3. B at any point on the axis of a circular coil.

We sum dB, taking its direction into account .
(i

« BY symmetry those components of dB
Pérpendicular to the axis sum to zero.

@ Each dB h '
ds a component parallel to the axis, of
magnitude bonent p © t'
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c oy dISIn 90° Sin'¢
0 ..--""'"""""-
dBCos 80-¢) = ~ 2
4 s given bY
Hence the magnetic field at P I:f» g |
@) M g

ax r?

_(8) _ 2naNISing

or B e 72

uAN  a® _' .' (1.9)
2 ‘(aztxz-)m.' |

-

If we put x >> aso that points-close to the coil are not
considered, equation (7.9) reduces to

B= o (7.10

Recalling that ma’ is the area A of the coil, we can write
equation (7.10) as .

- Ko (NIA) K
B=_2 Xud Ve
| 2n ‘,",3 2n ;Eé- (7.11)

where u is the magn | .
oop. a9netic dipole moment of the current

"
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7.3.4. B along the axis of a Solenojq,

Let n be the number of turns per unit léngth of solenoid.. Consider an
element of the solenoid of length dx. Using the result of section 7.3.3.

L. eqn. (7.9), the contribution dB of the infinitesimal element dx is
given by ' '
B, @ (ndx)I
dB =
2(a* + x*)"

where ndx is the number of turns in the element.
Write al] the variables in terms of é:

x = aCoté

dx = - Cosec® 6d6
(x* + 2% = 2% Cosec® 8
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o @ 1 (-aCusec’ 6d6) 1

ThendB =
2 a® Cosec’d
-h .
= - nl sin 0d0
2
Hence B = f % _ Yo nlSin6do
6, 2 |
_ K,
= =2 nl (Cost,~Cos9,) (7.12)
SPECIAL CASES:

(i) When P is inside an infinitely long solenoid,
0,=0and 6, = = and so B = p, nl.

(ii) For P inside a torodiql solenoid, B =

pontl.
(iii) ~ For P at one end of ¢ '
For end of a long solenoid, 6:=0,0, = 7/2 rad
. pnl | |
B = -._.
-2
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.4 Force Between Two Parallel Current
7‘ Carrying

I R s s e R e it s e iy
At all point along the wire b, the field created by the wire a is given by
Mo L,
B, = -eee-
27d

The right hand rule shows that the direction of B, at Wire-b is down as
shown in the figure. Wire b is immersed in an external field B,.  Using
F=LIxB, the magnitude of the force F experienced by a length |
of wire b is - |

Fb" =Ia lBa S —— _ (7. 13)
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K\ lies in the plane of the wires and points towards wire a.

Similarly wire a finds itself immersed in a magnetic field B, createq by

currentl, in wire b. The force I, on wire a is equal and opposite to |,

I.¢. directed towards wire b. If the direction of either current is revergeq
the force reverses also |

Hence when the currents are in the same direction, the conductors attragy
cach other. When they are in opposite directions they repel each othe,

CORRELATION WITH THE AMPERE.

¢ fact that two straight paraliel conductors exert forceg of
attraction or repulsion on each other is made the basis’ of e

definition of the ampere - S
as follows: pere in the SI system.. The ampere is defineq

we have F = 2 ¢ 107
Substituting, we find

o = 47 x 107 wh A m!

N, 1a =lb = IA, d = f == lm

(7.14),

efine the coulomb as the

SS€s a section of a circuit

constant current of One ampere
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7.5 Ambere’s Circuital Lay,

Ampere’s law is an alternative o Biot-§
Law is an alt(.:rnatlvc to Coulomb‘s'lav:r. Am ’ ‘
to solve certmn[magnetic problems of high gcgr:: ct§ oy ipa us
\ c
with ease and elegance. The present discussion will be |im:
constant conduction currents and to non-magnetic mater'lTlmd X
1als.

We hfivc shown that the magnetic field B neai' a long straight wi
carrying a current I has a magnitude given by ght wire

pol

B = o

27r v

where r is the distance from the wire to the point considered.

Thus over a circle of radius r centered on the wire as shown
above, | .
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s de

Bdl = I

o .

= — X 2%r =
2nr ¥

This is a general result and, for any closed curve C,

— -

Bal * pd (7.15)

where 1 is the current enclosed by C, and (B.cl) is the line integral
round the closed curve. Equation (7.15) is Ampere’s circuital law.

7.6 Application Of Ampere’s Law |
This law can be used to find the negative field in situations which

possess the necessary geometrical symmetry, for example for the
long straight wire, the solenoid and the toroid.

7.6.1. Magaetic Field of & Solezoid

B
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Consider a long solenoid (L > > t) with n turns of

length and carrying a current I. To aﬂﬁrst a

consider the field outside the solenoid to b
Let us apply Ampere’s law

wire per unit
PProximation, one may
€ zero,

- -

Bdl = WJ

to the rectangular path abcd in the ideg] solenoid. By symmetry,

the B field along side ab is paralle! to this side and iS constant so
that for this side ‘

-

Bdl - B’_

Along sides bd and da the line integrals are zero because B and di
are at right angles. Along cd the

line integral is zero because we
have assumed B = 0 oytside the solenoid.

Thus the line integral for

the entire rectangular path is BI. The
total current through the

ectangle is then nlj and from Ampere’s
law,
Bl = 4 nn -
or B = , nI (7.16)

Since ap need not lie on the
umform over the entire section.

Z&ZZ: The Field of 3 Yoroid,
The figure represents a toroid, wound with wire carrying a current 1.
For path (1)

axis. of the solenoid, the field is
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f Bdl = 2xrB = pJ
&

But I = 0 and hence B = 0.

For path (3) each turn of the winding passes twice -th?ough_the.arca
bounded by this path,carrying equal currents in opposite directions.
Thus the net current through this area is zero and hence B =0aall

points of this path.

The field of the toroid is therefore confined wholly to the space cncloscq
by the windings.

For pathi 2, by symmetry B is tangent to the path at a radius r,

Thus Bq_.d; = 2xrB

Each turn of the winding passes once through the a:cé bounded by pat?
2, and the total current through the area is NI where N is the tot2
number of turns in the winding. Then from Ampere’s law,
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o NI
B = — T
27 r

or B = p.oNI (717)

where n is the number of turns per unit length.

Equation (7.17) is the same result as for the field at the centre of a long
straight solenoid.

7.7 Worked Examples -
Example 7.1: Two long parallel conductors carrying currents of

8A and 12A respectively in the zame direction are placed 10cm
apart. Find where a third parallel wire also carrying a current
must be placed so that the force experienced by it shall be zero.

Solution: If the two conductors carry equal currents then the third
wire would experience a zero force at the centre, Scm from either
conductor.  Since the currents are 8A and 12A respectively,

assume that the neutral pdint is a distance x from the 8A wire,
Le., 10-x from the 12A wire.

12 8
05 x
2x = 80 - gx
20x = g
Y= dem
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ial di from a long straight wire
Example 7.2: At what radial distance 2] :
carrying a current of 75 amps would the magnetic induction be 1.5

x 107 w/m?.
Solution:
ol
B = --—
27a
pl 4xx 107x 75
a‘ = e = e =

22B 27 x 1.5x 10
a = lcm

Example 7.3: Two parallel wires in air each 10m long and
carrying equal currents of 200A are placed 10cm apart. Calculate
the force acting on each. '

Solution:

S A e S e 3 B B S . L £ A e . e

= 8.0 x I'N

Example 7.4: A ring
circumference 100cm and
winding of 2,500 turns whic
the flux through it.

of flon-magnetic material of mean
Cross section 10cm® has a uniform
h carries 3 current of 10A. Calculate
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Sulllliun:
B = l
4g x 107X %‘..5-()(-)-= e -
B = i -----
g = EO Wh;"'e A = 10cm® = 10°m?
flux e A = o

TherkiH z : x x 10”° weber.

A current of 3 -ampé flows along a straight wire.

xample 7.5: ' :
Smﬁw the magnetic field at a point 5cm from the wire.

Solution:
from Ampere’s Law
pol
B = --—-"where a is the distance
- 21& .-"'.: : '
of the point from the wire.
Therefore w3
4xx 107 x §
B = . o
2rx5x 102

B = 2.0x10° wim?
EXam _ '

ple 7-6.‘.‘ TWO
SeDarateq - VO parallel wireg each . | s
Detween thby 2 distance of 80cm, C i oD CUCESHE A0 afe
em, - alculate the force per meter

. - o

Scanned with CamScanner



golution* i
2xd
F = i2 Bll
Ho il iz.l
EF = ———"
27d

Therefore force per meter

bo h Iy

i 2xd

47 x 107 x 30 x 30

27 x 80 x 107

i

2.25 x 104 N

FIG, 90
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. straight paralle] wires, A

8.1 Two long straig + A, and B, separated b
7 distaﬂce; dcany currents Ia and b respectively in {h:
same direction in air. Deduce an expression for the
magnetic force exerted on a length, |, of wire B by the

wire A.

Two parallel cables of a high voltage powerline carry

ite currents of 1.8 x 10°A. The distance between the
cables is 3.0m. What is the magnetic force pushing on a
50m segment of one of these cables.

7.8.2 Two long straight parallel wires 8cm apart each carry an
electron current of 40 amp. Calculate the magnetic
induction at a point between the wires 3cm from one and
S5cm from the other when the currents are

(a) in opposite directions
(b) in the same direction

7.8.3 Two long straight wires A and B are stretched parallel to
each other 20cm apart. Wire A carries 45 amp and wire
B carries 30 amp. In both wires the flow of the current is

in the same direction.

At what place between the wires will the magnetic
induction due to one of the currents neutralize the magnetic
induction due to the other?

V.84 A toroid having a square cross section 4.0 cm on edge and
an inner radius of 12 c¢m has 400 turns and carries 2

s current of 0.6A. What is the magnetic field at
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(@) the inner radius

(b) the outer radius of the toroid?

735 What is the magnitude of the magnetic field at the centre of
a solenoid of 200 turns and having a length of 25 cm,
diameter of 10cm and carrying a current of 0.4A. ’

IIIX

AR

b

LAl

k8 | @
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flfc TBG MAGWE TIC I/VDU[.‘TIO/V

Faraday's law of electromagnetic induction was deducéd to explai
a number of simple experiments carried out mostly by Michacr?i
Faraday in 1831. |

8.1 The Experiments

(a) THE MAGNET AND COIL EXPERIMENT.
Consider a closed coil C connected to the terminals of a sengitive
galvanometer G. When there is relative motion between the coil
and the bar magnet M, the galvanometer deflects showing there is
an induced current in the coil. The induced current is said to be
s¢t up by an induced electromotive force (emf).

|
|
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(b) THE COIL AND COIL EXPERIMENT. |
When two separate coils C, and C, are connected. as shown in .

fig. 92 the galvanometer is found to deflect any time the.kcy k is
opéned or closed. This experiment shows that there will be an
induced emf in C, whenever the current in C, is changing.

() CURRENT PRODUCED BY THE MOTION OF A
CONDUCTOR IN A MAGNETIC FIELD.
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A moving conductor ab slides (With velogiy v) al

U-shaped conductor b ¢ d a (as in fig, g3y ;- °'°™ & Sationary
magnetic field B at ri -
mduwd current is observed in the ]mp ab of b ¢ ¢ a. An

: : Cd as
moving. The moving conductor ap acts as .
emf. the seat of motiony

The induced emf in the experiments abg:'eﬁc Induction.

'C appeared only when the

s =| pas @.1)

The SI unit for magnetic flux is T.m? to which the name weber
(W) is given. i.e. 1 wb = 1T.m%. The magnetic flux passing
through a loop or coil is said to thread or link the coil o loop.
Suppose a coil has N turns and the flux linking each turn is &.
Then we define the flux-linkage to be N®. The unit of flux

linkage is weber turn, but N® has the same dimensions as the flux
$. |

Faraday’s first law:

When the magnetic flux threading a circuit is charging, an emf is
induced in the circuit.

Faraday’s second law: .
The Magnitude of an induced emf is proportional to the rate of change

n ﬂllx-linkage_
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This law is sometimes cxpressed in Ncumann's equation as

Nd® d (N®)
B ] . e - (8.2
dt dt
If the rate of change of flux is in wbs™, the emf e will be in volts (y \
The minus sing is discussed below.

lesZ’s aw:
The direction of the induced emf must be such that the law
conservation of energy is obeyed. This direction is given by Lenz’s |3,
which states:

"The direction of an induced current (if one were to flow) is such that i

effect would oppose the change in magnetic flux which gave rise to the
current. "

Or “"the induced current will appear in such a direction that it opposes the
change that produced it."

This is achieved by exerting forces of some kind, or by establishing
magnetic field. -

The direction of induced current can also be

: found (particularl
straight conductors) through Fleming P arly for

’s Right hand Dynamo Rule:
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Lenz' a law is an example of conservation of energy. For example in
the coil and magnet experiment discussed above, the induced current sets
up a force on the magnet, which the mover of the magnet must
overcome. The work done in overcoming this force provides the
electrical energy of the current. This electrical energy is dissipated as

heat in the coil.

8.3 Calculation Of The Magnitude Of Induced
Motional Emf.

=

r“-—-u—- —
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Fig. 95 shows a rectangular loop of wire of width 1, one end of which,

'« in a uniform field B pownting at right angles to the plane of the loop,
'An external agent exerts a foree while pulling the loop to the right at ,

constant velocity v,

The flux ¢ enclosed by the loop is
& =Bk
By Faraday's law, the emf is
dd d
(R e wmm == — (Blx) = Blv 8.3)
dt dat

where we have set - dx/dt equal to the speed v at which the loop is
pulled out of the magnetic field.

The emf Blv sets up a current I in the loop given by
1 =¢R = BIVIR (8.4)

where R is the loop resistance. From Lenz’s law, this current (and, thus
e) must be clockwise as shown in fig. 95 since it opposes the change (the

decrease in ®) by setting up a field that is parallel to the external field
within the loop.

.- The current in the loep will cause force F,, F, and F, to act on the three
conductors in accordance with the equation

\ F = IIxB.

'F, and F; are equal and opposite and have the

same line of action,and so
cancel out. - F, which

opposes our effo
r magnitude given by n Il't to mo&e the loop has a
_ Blv - 2
| F, = [IBSin 90 = IB = _E___Fv
' ' v
- R
Il The agent that pulls the loop R

nmSt do work at a steady rate of

r\_ | 222
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while the agent is pulling the loop, a current g;
up. Thus thermal energy must appear in thiwlmy eqn. ::g }; .z
) hccau ou

effect.

P=1=R=[_B_’1' R B
R R

which is the same as the power supplied by :hc ext '
mechanical energy (work done by the agent) is transformed lanf:f]mmc:]s
energy and finally into thermal energy (manifested by a small

temperature rise of the loop).

8.4 Maxwell’s Equation And Electromagnetic

Maxwell’s equations, summarised in Table 3,arise from the basic
nature of an electromagnetic wave. These equations together with
the Lorentz force (equation 8.10) give the complete equation of

electromagnetic interactions.
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Table 3: Basic equations of Electromagnetic interactions.

Gauss's Law for elactricity,

Gauss Law for magnetism.

Ampoere's Law as extended by
Maxwell with the intraduction of
the displacement current,

Faradays law of alectromagnatic
induction describes the elactrical

offect a changing magnetic field.
F=qf + B Lorentz Force

The Lorentz force s the force on an electric charge moving with
speed v in an electromagnetic field. When the charge is at rest,
F = gE. A stationary electric charge produces only an electric
field just as a steady current in a conductor produces only a
magnetic field. In a practical circuit, electromagnetic oscillations
are obtained from a capacitor and from an inductor (coil) only.

Electric energy is stored in the electrostatic field between the
plates of a charged capacitor while magnetic energy 1is stored in the
magnetic field of the inductor. The potential difference across the
plates qf the capacitor causes a transfer of energy from electric to
Magnetic and then back to electric, giving rise to oscillations.

The quantities pofand € h
and are important physj
of light,C, is related to

ave great impact in the study of physics
cal properties. It is known that the speed
these two quantities as

1

T Wwhere ¢, is the
Ko € Of free space.

C2
permittivity - (8.11)
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i el ectromagnetic wave and g ¢

1.i8::|;:gﬂ," A, and frequency, f, as peed, ¢, s related 1 the
wié
o (8.12)
sition of visible light in the electromagnetic s : ,
111?3(6 below: pectrum s shown in
abl & The electromagnetic spectrum
/— T ' .
( (o Am) yps of ray Detection
y of wave Instrument
.-*"'"———_ |
" 10" S - rays - Geiger and 'seiiﬁllation counters
0" 10* x-rays ‘ionization chamber
ultra violet photoslectric photomultiplier
ot 10° visible light EYE
infrared Bolometer
Thermopile
ot 10° microwaves radar
10° 10' U.H.F. F.M. Radio ° L
VHE TV T.V. Antenna | s e
Broadcast L __
w10 Radio freq. A
i Powser wavss | y
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8.5 Worked Examples '

Example 8.1: A wheel with metal s poles 1520 cm2 long is Motate,
in a magnetic ficld of flux density 5 X !0 w/m’ normaj 0 the
plane of the wheel. An emf. of 10?V is induced between, the rip,
and the axle. Find the rate of rotation of the wheel.

Solution: The rate of rotation of the wheel is the angular
speed w = v/r

.. V = rw
induced emf, E = Blv
| E = Birw
butIr = Area A = zr? :
E = BAw
w = E/BA
10
w =

Sx10°x 7 x (1.2
W = 442§ |

wxample 8.2: Find the emf. induced in a conductor of length 1=
80 cm moving with a velocity v = |

: Sm/s at an angle 6= 30° to the
lines of force of a uniform magnetic field of flux density 1.2w/m?.

Solution: At an angle § = 3¢° between the magnetic lines of
force and the moving conductor, the induced emf. wi)] be

- E = Blvsing

L C® L2XSx08 Sin 30
"= 2.4 Volts '
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.3: The magnetic flux, &, thr

xaﬂlple 8.3 na | . ®, through a | |
& the plane of & coil i varying according to the reln g -
I 7t + 4 where @ is in milliwebers and t is in = 6t

seconds,
Jetermine the magnitude of the e.m.f. induced in the |
| = 2 seconds. 00p When

Solution:
The e.m.f. € = dd/dt
d=6'+7t+4
, dé/dt = 12t + 7
whent = 2sec., e =24 +7
e = 31 milliweber/sec
e =3.1x10?% wb/s

Example 8.4: A coil of 5 turns and cross - sectional area Scm? is
immersed at right angles into a magnetic flux of density 4.0 x 10
T, If the flux is then gradually reduced to zero in 8 seconds,
calculated the induced e.m.f. during the operation.

Solution: The magnetic flux B = 4.0 x 107 and the flux linkage

= Né. The total flux & = BA where A = area of cross - section

of the coil. 5 | _‘ e
Therefore, ® = 4.0x 102 x5.0x 10° =20x 10°T
Therefore, Change in flux linkage = d (N®)

Therefore induced emf, € -------
dt
= 5x20x 10*

~_ 8
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100
ascsn . 1O°

1.25 x 10°V

—_———————=

8.6 PROBLEMS.

- 8.6.1 A conducting wire 60cm long is moved at a constant speed
of 5 m/s perpendicular to a uniform magnetic field. If the
e.m.f induced in the wire is 2 volts deduce the value of the
magnetic induction.

8.6.2 A wire 20cm long moves with a speed of 25/ms through a
uniform magnetic field where the magnetic induction 15 0.3
w/m’. If the field, wire and motion are al| mutually
perpendicular, calculate the e.m.f. induced in the wire.

8.6.3 At what speed should a wire 40cm long be moved through

a magnetic field of intensity 0.Sw/m?. if it i
Swimd if it is e
emf of 1 volt? {0 produce an

8.6.4 Ic lon |
ga'l;zsmz}gnem Induction in the region between the pole
Of an clectromagnet is ( w/m’. Calculate the

+ Induced emf i . !
M 4 straight conductor 8cm long

e e ————— """"-u---m....,.ml

| perpendicular 1o the ma -
L gnenuc  fiel !
r perpendicular both 1o the field angd Its n(\j»._ Tnd mmm;%
velocity of 1m, W length with 4
228
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N .‘3 ¢

Q
OPTICS

9.1 Prisms And Lenses

There are (WO common types of prisms - rectangular prism and

(riangular prism - available in most laboratories for practical
studies.

STU in ﬁg.4-;l is a prism of refracting angle A and refractive

index n. Ar

XY ay VW incident in air on the surface ST emerges a5

after suffering two refractions at W and x where the angles of

229
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incidence and refraction are respectively b, T, and |y, r,. :
According to Snells Laws of refraction

Sini, = nsinr,

in i )
Sini, = nsinr, (9-;))
From simple geometry
n+r=A 9.3

The prism has deviated the incident ray VW to emerge as XY a
a result of two deviations at W and X, therefore the tota)
deviation, d, will be the sum o f these two deviations thys

d=(@-r)+ (- r) 9.9)
If a new value of: the angle of incidence i,, is chosen
gf M. 0 anq d_ w.nll vary. Experiment shows that
Incidence, i,, is increased from zero, the deviation. d begins t

, d, 0

decrease continuously to some value D, and then increases
Maximum as i is increased further to 9Q° | o

, the vali:es
as the angle of
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. found that the minimum deviation, D of the light occurs

",..hlen the ray passes symme;ricgl]y through the prism and at this
W ar Case, t-he angle of incidence and angle of emergence are

rticul
p | as shown In

equd

For the case of minimum deviation equations (9.3) and (9.4
become - 2

r+r =A

r=Al2 —— ()

i-r+i-r=D - 05}

Substituting (a) in (8)

2i =A+D
A+D

1 = ——
2 N
" ;31
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_ sin |
! n = ._,.. —
A sinr
SinA;D
= N (9.5)
SinA[2

9.2 Refraction Of Light At A Curved Surface

A lens is a piece of glass bounded by one or two curved surfaces, j, e
necessary to commence the study of lenses by discussing the conceﬁ[
ot"power of the surface ".

R

/ ' Fig. 99 Refraction at a curved surface
- shown in fig. 99, Let yg a‘;’:ﬁ;‘:ﬁ media of refractive indices n, n,
/ to the axis. The arrows h atn,> n, and that OA is very clost

‘ R : )
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Using the principle that"nsin i = constant"

n, Sin, = n, Sin2 (96)

Since A is very close to B, i, is small and hence sin i, = i, in radians.
Similarly sin l, = L, in radians.

E?Bm (96) it follows that
n, i, =n, b - (9.7)

From the geometry of trianglg' 'OAC. i,' = a+f

and from the geometry of triangle CAL I, = 8 - 7. Substituting for i,

i, in (9.7) we have o |
n(e+B)=n@-7

Therefore, n, @ + 0.y = (0~ M) i} | (9.8)

Since AB is small, it is approximately perpendicular to OB,

Therefore, a = h/OB, y = h/Bl, 8 = h/BC

we have rewrite (8) as

n n, n, -n
-+ = —mewmm—
OB BI BC
that is m, n, m -0 | |
B (9.9)
u \ r ' .

where r is the radius of curvature of the surface.

My -0y
- is known as the "power of the surface®.
r o
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B, B, I S
( Yituay
Objcct)

t—~U—-H—-—Y¥Y--—2>
Fig 100: Refraction at two surface of a thin lens.

We now extend the results of refraction at a curved surface to twg
curved surfaces such as a thin lens whose thickness is smaj|
compared with its other dimensions as shown in fig. 100. Suppose
narrow beams of light are incident on the central portion of a thin
lens of refractive index n, placed in a2 medium of refractive index
n, with r, and r, as the radii of curvatures of the surfaces. The
image | is formed from the rays O B, B, | and OA, A, I where the
latter is refracted at the first surface at A,, and then refracted again
at A, at the second surface.

Refraction at first surface Al BI: Suppose u = OB,, then v' =
B, I' is the distance of the image I' by refraction at this surface of
the lens. Since I' is situated in the medium of refractive index n,
(assume n, > n,)

234
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V

i N, Ry n? = nl
P e
Vl u I', (9. 10)

., at second surface A, B, : A A o
Mm:::h‘is surface, therefore I21 i: 1 A2 and B, B, are the incident
(

raxnual object for refraction at this surface, Th
i

: : € object distance |, p

| .
' pegalive = -V'. Since I is a real image the ¢o i
:lsismncc IP, is positive = V | rresponding image

qhstituting in (9)

hng o, n, -m

’ - 2 | (9.11)

solving (9.10) and (9.11) simultaneously 1o eliminate v', we obtain

M nl- -~ % -.:-I'-.+...1._
'v+u (n, nl){ }

n n

1,1 =(l‘3. -1} (}_ +_L] 9.12)
v u |n, rnoon) ot

Objects at infinity generate parallel rays and when incident on the lens,
are brought to a focus i.e. u = oo, v = f
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Substitute (9.13) in (9.12) to obtain

v+ 1u = 1/ 9.19)
(9.13) is the "Lens equation” which applies equally to concave ang
convex lens.

9.3 Worked Examples o
Example 9.1: A 60° glass prism has a refractive index of 1.5
Determine: e .

(i)  the angle of incidence for minimum deviation

(ii)  the minimum deviation

(iij)  the angle of emergence of light at maximum,
deviation.

Solution:

(1) At minimum deviation the ray traverses the prism
symmetrically.
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Therefore, r + r = 60° or 2r = 60° and r = 30°
From the snells law,

sin i

—
- —

sin r
We deduce that sin i = n sin r = 1.5 sin 30°
sini = 0.75
i = sin” (0.75) = 49°
i = 49°

(ii) Similarly the minimum deviation can be deduced
thus: D=i1-r+i1-r=2(ir)

= 2(49° - 30)
minimum deviation = 38°

(A + D)2

Alternatively, recall that n = sin --—---——--
(Sin (A/2)

237
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(60° + D)
5 2
1 sin 602
@ + D)
2
= Sin
Sin 30°
D
1.5 Sin 30° = Sin (60" ; )
(60° + D)
0.75 = Sin  «eem=ee
" ¢ )
-1
60 + D
Sin (0.75) = ——
2
60 + D
49 = comemne-
° 2
98 = 60 + D
D = 98 -60 = 38
D = 38

iii) Maximum deviation occurs at grazing incidence,

that is, when the light is incidence at 90 on oné
face of the prism.
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Maximum deviation may also occyr

; . : at an |
incidence, i, corresponding to grazing e Yy angle of

mergence.
Sin 90° _
""""" =n=1.5
Sinr .

1 | |
—---—--- = ].5 since sin 90° = 1
Sinr, o

Sint, = e = 0.6667

1.5
r, = Sin? (0.6667) = 42°
r, =42°
r,=A-r, =60-42°= 18
r, = 18 .

Sin i,
-------- =n= 13
Sin r,
Sini, = Ssinr,

= 1.5 sin 18° = 0.4635
Sini, = 0.4635
i, = Sin’ (0.4635)
= 28°

I

i, = angle of Emergence
o= 28 -
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Example 9.2:  Determine the least value of the refracting ang|e
- of a prism made of glass of refractive index 7/4 so that ng ray

incident on one of the faces containing this angle can emerge from
the other.

s s Y . 5 .

e —— Ny

Solution: Note that the least value of the rt_.afracting angle of ,
prism corresponds to a ray at grazing incidence and 8razing
emergence.

| Therefore, the minimum angle of the prism = 2c
a where c is the critical angle.
-‘ Since i = 90°, thenr = ¢ = the critical angle

Sin i Sin 90
1{ ______ = - =Nn= 7/4
Sinr Sin ¢
Sin 90 7
Sin ¢ 4
\ ] 7
------- = --- since Sin 90° = |
/. Sin ¢ 4
. Sin ¢ = 4/7 = 0.5714
o~

C = Sin-l (0.5714) = 340 303
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4 (0 the position of the image formeq |
Find:

" the position of the image if the :
(i) removed to infinity. - Peniot Paper is

5“""“0::) Since the paper is stuck on the firgt
glass sphere, its object position is
second surface and hence y = 10¢
apply the formula; |

surface of the
therefore the
m. We then

n, n, ' n, -n,
s b s e :
\' _ u , r

to the second refracting surface, giving that

n, = 1.5, m,=1,r=5cm v = the image distance.

Substituting: :
1 1.8 1.5-1

cee P anen 2 anmana

Y 10 5

Solving therefore v = 20cm

Thus the image is virtual and is located 20cin from this refracting
surface on the same side as the object.

(i)  Since the object is at infinity, refraction will take
place at the first and second refracting surfaces of
- the sphere. - | "
Suppose that I is the position of the image after
refraction at the first surface. We again apply the
usual formular to this surface; .

where u = O (at infinity) -
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n, = |

n, = 1.5

r = +5
Substituting: . 1 5.1

cem A wme I emmmess

\' 0o 5

1.5 . 1.5-1

v 5

Solving therefore, v = 15cm

This result implies that the image 1 is located 5cm from the secongd
curved surface of the glass sphere since the diameter of the sphere
is 10cm. This image is considered a virtual object for refraction
at the second curved surface of the glass sphere: hence

U=35cm,n =15 n=1,r=+ 5m
[t therefore follows that |

nz nl n} = I'l,

I

1 15 154

R .

-

V 5 5

Solving th‘efefore V=
the final ir e

mage is he
surface. fce located 2.5cm from the second refracting

rtain prism ;
While it prgcrigcn:sls foupd.“’ produce a minimum
& deviation of 62° for two values

e
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of the angle of incidence namely 40° and §2° respectivel .
Determine the refracting angle of the prism, the angle of imid‘::cn;
at minimum deviation and the refractive index of the materials of
the prism, '

Solution:
" Gi-n) +(G,-1) =D
(40-r) + (82 - ) =62
122-r,-1, =62 . ;
I + 1, = 60 = angle of prism A.

At minimum deviation,

=A+Dandr=-4-‘
2 . 2
. 60 +
§ = JEAOL . s
L
A+D

. Sin—
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9.4 PROBLEMS

9.4.1 The prism of a spectrometer has a refractive angte of g
.and is made of glass whose refractive index for red apg

violet are respectively 1.514 and 1.530 respectively.

A white source is used and the instrument is set to giy,
minimum deviation for red light.
Determine:
()  the angle of incidence of the light on the prism
()  the angle of emergence of the violet light
@iii)  the angular width of the spectrum.

9.4.2 A glass prism of angle 72° and index of refraction 1.66 i
immersed in a liquid of refractive index 1.33. What is the
angle of minimum deviation for a parallel beam of light
passing through the prism. -

9.4.3 An illuminated object 0, a converging lens A. and’ ;-
diverging lens B are all placed in a line with each other,
The converging lens A has a focal chfgth of 10cm and is
located 12 cm from the object 0, the diverging lens has 3
focal length of 20 cm and is located 35cm from the
converging lens A.

Determine:
i it image 7
@) m bf:ksmkt:z ;f the image after refraction of ligh
@) the final magnification. |

944 In a Phy;ig 102 .class, a young male unéiergraduatc
observes her right eye two small illuminated objects

placed 15cm apart in a Jine e i AT
of her eye and 60cm awa .perpe .lculartothe visual- axis

* .
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9.4.5

9.4.6

Detcrmine the position and the distance between, the img i .
reflected from the surface of her corneg Which has radgiu:
of curvature of 8cm .

The range of distinct vision of g
Biology student of NAU Awka €Xtends betweep, the
distances of 10cm and 30cm from hgr eyes. Calcylage the
focal length of the spectacle lenses which she must wear tg
see distant objects at her far point,

With thege Spectac)]
: es
what would be the least distance of her distinct vision?

short-sighted female

What is meant by total interpal reflection of light? State
the condition necessary for its OCCurrence. A thip bi-

convex lens rests on a plane mirror.
point object placed 20cm aboy

| e the lens coincides with its
Oown image.
Determine the position and nature of the image whep the
object is placed: .
(i) 8 cm
i) 12 cm from the lens - mirror
combination.
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