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PREFACE

Although there isa large number of books on Blectricity

and Magnetism written by distinguished foreign authors, there

is hardly any book exactly suitable for a student preparing

for the degree course in an Indian University. The present

book is an attempt to remove this long felt want.

In writing this book I have deliberately cut down all

unimportant elementary portions (which are usually done in

the Intermediate stage) so much so that during the first few

chapters, the book may appear to be almost a note rather

than a Text book. Itis however far from my intention to

write a note on this subject, as will be amply borne out in

latér cHiapters where no pains have been spared to discuss

all relevant subjects very thoroughly. I wish I could

introduce many more important topics into this book. It is

only due to shortness of time that this has not been possible

in this edition. If I get an opportunity I have a mind to do

this in a later edition.

I have great pleasure in acknowledging help from many of

my colleagues, particularly from Sj. Kamada Majumdar of

Sibpur Engineering College and from Sj. Bhabesh Kumar

Som of Hoogly Mohsin College. I have also freely taken help

from the well known authors.

Inspite of my best care the book has not been free from

printing mistakes. This is due to the book being rushed

through the press. An errata is given at the end of the book

pointing out the important mistakes.

Suggestions for improvement of the book will be gratefully |

appreciated. ,

PRESIDENCY OoLLEGE a

The 18th September, 1948



PREFACE TO THE TENTH EDITION

In this edition the book has been thoroughly revised. Due

to requests from numerous friends the chapter on X Rays and

Radio-Activity has been greatly amplified. The chapter on

Wireless has been re-named “Electronics and wireless

transmission’’ and mathematical treatment has been intro-

duced. Itis hoped that in this way the book wiil prove more

useful to students and teachers.

Tam grateful to my colleague Prof. Aloke Chakrabarty

of 5. A. Jaipuria College for many valuable suggestions,

The articles on “Transformer ’ are based on the notes prepared

by him.

Due to abnormal rise in the cost of paper, printing ete. it

has become necessary to increase the priceof the book by a

small amount.

7/Li Cornfield Road

Calcutta 19 D, P. Acharya

24th September 1968 | :
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MAGNETISM.

CHAPTER I

GENERAL THEORY.

Magnets may be either natural or artificial, A natural

magnet known as lodestone® is found as a mineral in Asia

Minor, Norway, Sweden and several other

Art 1 _—s places. Artificial magnets may be prepared

Introduction from soft iron or steel. In recent times an

alloy known as Heuslar’s alloy has been

prepared. This does not contain iron or steel but can be

magnetised fairly strongly. All magnets possess two remark-

able properties, viz. (1) they attract iron filings and (2) when

suspended freely from the centre of gravity by a light string,

they always rest in the North-South direction. It is found

that the power of attracting iron filings is concentrated at two

points near the two ends. These points are known as poles.

The line joining the two poles is known as the magnetic axis

of the magnet. When the magnet is freely suspended the pole

which points towards the North is known as North seeking

pole or simply North pole; similarly the pole directed

towards the South is called South seekeng pole or South pole.

If two poles of strengths m: and ma be separated by a diss

m1 ms

Art 2 tance r each is acted on by a force F=——;
Fundamental er
Formula. where p is a constant depending upon the

nature of the medium in which the poles are placed and is

called the permeability of the medium.

If the two poles are like the force is of repulsion; if they

are unlike the force is of attraction. In either case the

magnitude of the force between two poles is given by the

above expression.

For air the permeability is one; hence if the poles be

| a m1 me

placed in air the force between them is equal to = In

* Magnetite isthe modern name of this mineral



2 ELECTRICITY AND MAGNETISM Chap 3

this equation we notice that if r=1cem,F=1 dyneand mi=—mza,

then mi=m2.=1 C.G.S. unit. Thus we have the following
definition of a unit pole :—

If we have in air two poles of equal strength at a distance

of one cm apart and if the force between

Unit Pole them be one dyne then each of the two poles.
is said to be a unit pole.

In practice we never come across single poles. Ve deal

with magnets which always contain a pair of poles,—ai North
tpole and a South pole—both of the same strength. \

It follows that we can never have bodies charged with one

kind of magnetism in the way in which bodies are charged
with positive or negative electricity.

The magnetic moment of a magnet is defined to be the

couple* acting on the magnet when it is placed

Magnetic at right angles to a uniform field of unit
strength and is measured by the product of the

strength of any one pole and the distance between the poles.

This M=mx2l where M= Magnetic moment, m=<pole
Strength, 2=—distance between the poles.

We shall see that in all problems on magnetism our
ultimate formula always contains the magnetic moment and
not the pole-strength. The magnetic moment of a magnet

may therefore be regarded as more fundamental than the
pole-strength.

Art 3 The magnetic intensity at any point is

Magnetic ‘defined to be,the force experienced by a unit
intensity = North pole placed at that point.
Thus if we consider a point at a distance r from a pole of

strength m the magnetic intensity at the point is given by
m1 om ;Fa ak ugh If the medinm be air the intensity is * '

It follows from the definition that if we have a pole of
strength m placed ata point where the intensity is F, the
force'on the pole is m’ F.

It is to be noted that the intensity is a vector quantity,
s,:¢ ithas both magnitude and direction. The magnitude

Vide Art 7
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is given by arrand the direction is indicated by the fact that

the intensity is the force experienced by a unit north pole.
It is obvious that the force on a unit south pole is equal in
magnitude but is directed j in the opposite direction.

The magnetic intensity is also known as the strength of
the field or field strength. The word ‘field’ alone often
conveys the same idea.

sr The magnetic potential at any pointis the work done in
bringing a unit North pole from infinity up

potential to the point. Hencefthe potential difference
between two points is the work done in

carrying a unit North pole from one point to the other. |) )

Consider two points A and Bon the X axis at distances
wand a+dzfrom an arbitrary origin O. Let the potential
Oo A 8B at A be Vand thatat B V+dv
7 Then the potential difference

Fig 1 Vv, ~V-V-(V+d4V)= -~dVv.

oh,

This must be eqtial to the work done, in carrying a unit

north pole from Bto A. If F be the magnetic intensity along

X axis at the point A*, the force on a unitnorth pole between A

and B is F; and since the distancetraversed is AB=da,we have

avV
-~aV=Fdz or F de (1)

In this equation F measures the intensity along X axis.

Ifthe actual intensity bein any oblique direction the com.

ponent along X axis is — oe ; similarly the component along

| ; _ avY axis is = and that along Z axis is - ae"

Equation (1) gives us the relation between the “magnetic
intensity and the magnetic potential at avy point. Itis to

be noted that unlike magnetic inten sity m agnetic potential

* Aand B are enpposed to be so close that the magnetic intensity at
Ais the same as that at B or at any point between A and B,: | |
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is a scalar quantity, ¢.e.it has magnitude but no direction.

Consider a point A at a distance z from a pole of strength

. . mM
m., Then the intensity at A is ua

m A , aVoom : ; om

Fig. 2 dc pe | Bat

“ Ve~ [farton 0,
He pa

where C is the constant of integtation.
The potential at infinity is supposed to be zero, ¢. 6. V=0

when z= 0: wethus have 0=0,

MN

Hence V iz ese ees (2)

If the medium be air ve" be es ! (Qa)

Throughout the remaining portion of this book we shall

always assume the medium to be air unless otherwise stated.

Potential and intensity due to a bar magnet

First Case Consider a
oint P on the

Art 4 Ea , ep Poe
End on axial Jine of

position Fig. 8 the magnet

NS whose centre is O. The point P is said to be in ‘Tan A’

position of Gauss or in “End on’ position with respect to the

magnet NS.

Let OP=r, NS=2i, and m be the pole strength. Then

the magnetic moment M =m x Qi.

Potential. V ad mn ome m _— ne __m
| P NP SP r-l rr

Xml M
x” a /? = 2 42 nee ae (3)

If th t b ow ’ onet ie magnet be small Vv. T ees | (8a)
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otensity FF NP? Sp? (r—%)9 (vr +3)?

4mrl 2Mr
(7* ~_ 34)3 = (r? — 12)3 eee ous (4)

| 2M
If the magnet be small F = 3 wee we (4a)

This intensity acts in the direction NP produced, 3. ¢.

along the axis of the magnet, away from the North pole.

If a magnet be placed in the N-S8S direction with its North

pole potating south, then there are two points on the axis

produced at equal distances on either side of the magnet

such that the intensity due to the magnet at any of these

points, is equal and opposite to the horizontal component* of

Earth’s magnetism.

Thus, at these points

2Mr__ys o, M_(e

fo en rr ee afer en <n 9

Fig. 4

Such points where the total intensity is nil are called

neutral points. Evidently from a knowledge
Neutral points . .

P of the positions of these neutral points the

value of -s can be found out.

Second case Q

Consider a point P on

the equatorial line of the

magnet NS. The point

is said to be in ‘Tan B'

position of Gauss or in

‘Broad-side on’ position

with respect to the

magnet NS. As before

let OP=r, NS = 21.

Broadside on

position

# Vide Art 12
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Potential, Vv, ma NP - Sp ex () eee eee (5)

Intensity. Intensity at P due to North pole=—-; sp along

NP produced, #.¢. along PQ. Intensity at P due to South

pole = <p along PS.

These two components are numerically equal.\ Hence

their resultant bisects the angle between them, ¢. ¢. acts along

PR in a direction parallel to NS. .

Let LPNO=@, then LOPR=LRPS=@,. Hente the

resultant intensity at P in the direction PR is
Cw &-mn m om

Ez oo @ hoe 6 wn

Fp? 008 °+ cps cos Np? ©9S 6
2m tf ___M . (6)

eel t+ 18) (yp? +12) */s
{
4

If the magnet be small Fo + nee ove (6a)

This intensity acts in a direction parallel to the magnet

and away from the North pole.

If a magnet be placed in the

N-S direction with its North

pole pointing north then the

neutral points are on the

equatorial line at equal

distances on either side of the

P

F +—4-——> Hi

> magnet.

"5 . n At .these points i,
(x? + 2%)

aan Me 4 °/ 3| H or H (5? + 3*)

Clearly —— 7 joan be deter-
Pt——$ >

a | mined from these neutral
. #

Fig 6 points also.



Art 4 GENERAL THEORY | ?

Third case

Consider a point P in the

neighbourhood

General of a small*
magnet NS

whose centre is O. Join OP,

NP, SP. Let OP=7, NS=2l,

i. PON = 0.

Potential

1st Method. From N and 8 drop NA and SB perpendi-

culars to OP produced if necessary. Since the magnet is

small NP may be regarded as equal to AP and 8P to BP.

yom SP-NP BP —- AP
Qe

P NP SP ” NP.SP TM AP.BP

a. AB - 20A
(OP -OA)(OP+0OB) © (r-Jecos 9X7 +2 cos 9)

Leos 8
= oe [ neglecting 2? ]

a Bo. - sas (7)

2nd Method. Resolve the magnetic moment M along OP

and perpendicular to OP ; these components are M cos# and

M sin 6. With respect to the first component the point P is

in ‘tan A’ position and the potential at P is therefore

@M oS [from (3a) ]. With respect to the second component

the point P isin ‘Tau B’ position and the potential at P is

zero [ from (5) ].' Hence the total potential at P= as os 0 #>
a

The agreement of this result with that obtained by the

first method justifies us in assuming that the magnetic

# Ifthe magnet be large no simple expression can be arrived at for
the potential or for the intensity at the point.
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moment of a magnet may be resolved like any other vector
quantity.

Intensity First Method
Resolve the

magnetic moment

along OP and

perpendicutar to

OP. These compo.

nents are M cos @

and Msin 9, Due

to first of these

the intensity at P is

2M cos 9 = A} AV73 along OP S O “NOD

produced 4.4. along Fig, 8

PA [from (4a)] and due to the second the intensity is
M sin 9 

:a perpendicular to OP and away from the north pole,

s. «. along PB [ from (6a) ]

Hence the resultant intensity at P is
Fe terry 

Matinee gh

Wi cos? /ifsig Ri yp pompF = —— af S10 M 2 2ep \ 3 + 3 oo Aeos A+ sin?d

Mo pao
ex -. 

23 /1+3 cos ees one (8}
The direction of the resultant is along PC making an ano}LAPCTMa with PA where 

. ~
M sin / 2M cos 6fan @m——— ffi COS 9

an @ m 3 pi mw atan9 =, (8g)

| AT simple geometrica] construction for finding this.mere PC can be deduced teadily. For, producing CP tomeet SN produced at D and droppi : i
Pping DE perpendicylOP, we notice that “P “"

Dtan O= oe and tan @etan / DPE aDE
EP

. 

DE ,DE-+ from (8g) Ep" ‘OR «’ EP=20E.
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Thus E is a point of trisection of OP nearer to O.

Hence we obtain the following geometrical method for

determining the direction of the resultant intensity at P :-—

Trisect OP and take the point E such that PE=20OK. At

E draw ED perp. to OP meeting SN produced at D. Join

DP. Then DP produced gives us the direction of the

intensity at P, ¢. e. of the line of force through P.

Problem. Find by this geometrical method the direction of the

intensity at the point P when the pointis on the other side of the

equatorial line, #4. ¢. in the sonth polar region of the magnet.

Second method

From (7) the potential at P Ve

.- Intensity at P along OP (=r)= -<

~ 2 (M cos @6\ 2M cos 6
dr r” ~ gs

And intensity at P perp. to OP

_ av. [°.. asmall distance measured

rad perp. to OP is rdé ]

_—1,4(/M cos 6) _M sin @
r do\ r* r*

We thus find the components along OP and perp to OP ; we

can then find the resultant intensity at P as in the first method.

YA uniformly magnetised bar magnet 10 ems long and of

moment 200 is placed horizontally with tts axis in the magnetic

meridian and the north pola pointing north. A small compass

needle placed at a distance of 10 cme east of the centre of the bar,

és observed to be in neutral equilibrium. Find the hortzontal

tnienssiy of the earth’s field. C. U. 1939:

OP =10 cms. NS=2)=10
N ti

ems .. J=§ ems. Intensity |
at P due to the magnet O- ———- ~~ owe P

Fa M 300 "

Ss F3° a7.
(r* + 3%) is (108+ 5%)! , | oe

=0°143 C. G. S. unit. ' ‘Fig. 9
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At the neutral point H=F—0'143 C. G. 8. unit. |

Find the value of the potential at a potnt situated on a line

p passing through the méddle point of a

magnet of moment 80 and making an angle

5 | of 60° with its axis, the potnt being 6 cms

away from the mid potnt of the magnet.

Lo C. U. 1943, 1951, 1955.

y M_cos 9 30 cos 60° 15) 6

r? 5* 25

Fig, 10 C. G. §. unit

Action between two small magnets. \
Art 5

First Case

Consider twosmall |

magnets NS and N’S’ so UN N Ss
lying along the same Fig. 11

straight line with their centres O and O’ separated by a

distance r, Let m, 2! and M be the pole strength, magnetic

length and moment of the magnet NS and let m’, 2i’ and M’

be the corresponding quantities of the magnet N’S’.

Action of NS on N’S’,

Intensity at O’ due to NS= along OO’ to the right.

“. Intensity at N’ = 2M aa) ys 2M 6M!78 ar 7 73 + ¢

and intensity at g! 2M (py : 9M 6Mi
’ adr\ +

9M 6Ml’»- Force on N’ =m'( > oe) to the right

and force on S’=m’ ay ~ “r) to the left

.. Force on the magnet N’S’

f2M | /2M 6MIMime toms in-m ts )TA ye

12M 6MM’
= —T “ to the right
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In a similar way it can be proved that the force on the

pales 6MM’
magnet NS by N’S is also equal to oe but to the left.

Mutual Potential Energy.

Potential at O’ due to NS= 4

ra Ma (M\)_ M 2M., Potential at N i -4,(3 \ er

. ,.M adf{M\,. “M 2Mvand potential at $ 3 “ah 73 Ys : a 8

., Potential energy

ei on’ M_ OMe — mp’ (43 Mr
TM r® r® ,?

4Mm'v 2M’ee ga". ooo

e
r? r®

Second Case

Action of NS on N’S’ NY

oO
° 9 Ss INE oo ew i ow oe dire wm wiresIntensity at OQ! = 2M b

;

to the right. Since the

magnet N‘S’ is small Fig. 12

we may assume that the intensity at N’ or at S’ is the same

as that at O’.

Hence force on N’ =’ S to the right

and force on S' =m’ 3 to the left

Thus N’S’ is acted on by a clockwise couple of moment

mM a’ BM
r 7

Action of N‘S’ on NS,
r

Intensity at O= a downwards. Assuming this to be also
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the intensity at N or at 8, we have

,

force on N=mTM oo downwards

and force on S=m 7 e upwards

The magnet NS is also acted on by a clookwwtse couple

, M ,

of moment m + x 2h= os

Considering therefore the two magnets as belonging to.

one system the resultant couple acting on this system is.

f

clockwise and is of moment equal to ss

Magnetic We are thus led to the following paradoxi- .

paradox cal conclusion ;—

If we have two small magnets placed in the above way on

a large piece of cork a resultant couple of moment equal to

3MM’
7s will act on this system. If we therefore allow the cork

to float in water the cork will rotate continuously. But this is

impossible as it goes against the principle of conservation of

energy.

This is what is known as the magnetic paradox. The

explanation lies in the fact that although the magnets are

Small the intensity at the centre of a magnet cannot strictly

be regarded as equal to that at either of the poles. If we

allow for this variation by a more tigorous calculation

it is found that another couple, anticlockwise and of moment:

3M M’
Pete

,s acts on the system. This couple neutralises the

previous one and the system is therefore in equilibrium.

Mutual Potential Energy.

Potential at O’ due to NS=—¥. Assuming this to be

the same at N’ and also at S’, we have

. s MPotential energy = 9’, ar 7 m es =(),
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Exercise 1.

1, What is meant by 8 pole of unit strength ? Define unit

potential and unit field and establish the relation between the

potential and the field at any point.

9. The repulsive force between two poles is 60 dynes when

they are 9oms apart. What will it be if the distance be

decreased to 6 ems ? Ans. 135 dynes.

3. A short magnet is free to rotate about an axis perpendi-

cular to the axis of the magnet and passing through its centre.

Obtain an expression for the potential at a fixed point in the

plane of rotation and at an appreciable distance from the centre

of the magnet.

Discuss how the potential at the point changes with the

angle of rotation of the magnet. C. U. 1938

4. Two short bar magnets are arranged so that the axis of

one produced bisects the axis of the other at right angles. Find

the couple on each due to the other.

5. The force of attraction between two magnetic poles at a

distance of 3 oms from each other, is equal to the weight of a

gramme. If one of the poles be of strength 60 find the strength

of the other. Ans. 147°2

6. A magnetic pole is acted on by a force of 20 dynes when

placed in the magnetic field of strength 0°25. Find the strength

of the pole. Ans. 80

7. What is meant by a neutral point in a magnetio field ?

The neutral point of s short magnet is 24 ems from the

sentre of the magnet which lies with its axis north and south

and the N pole pointing to the north. If the value of H be 091

C. G, 8. unit what is the moment of the magnet ? C. U. 1984,

Ans 2908 O, G. 8. units.

8. Explain what is meant by magnetic moment.

Prove that the intensity of the magnetic field due to a small

bar magnet “end on” is twice that due to the same magnet

“broadside on’ at the same distance.

Two short bar magnets of moments 108 and 192 unite are

placed along two lines drawn on the table at right angles to
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each other. Find the intensity of the field at the point of

intersection of the lines, the centres of the magnets being

respectively 30 and 40 oms from the point. O. U. 1946

Ans. 0°01 making an angle of tan "3 with the line joining

the point to the centre of the magnet of moment 108 units.

9, Find the magnitude and direction of the magnetic field
due to a small magnet of moment 60 at a point situated on a

line passing through the middle of the magnet and mak Ing an
angle of 60° with its axis, fhe point being at a distance lof 12
ems from the centre of the magnet. Explain by an acdurate

drawing how the direction of the field may be determined

graphically.

Ans. 0°383 C. G.S unit making an angle of 40°54’ with the

line joining the point with the centre of the magnet.

10. A magnet of pole strength 1000 and length 12 oms is

placed on a drawing board. Find the intensity of the field at a

point in (i) ‘tan A’ position and (ii)‘tan B' position at a distance

of 20 coms in each oase from the middle point of the magnet.

Ans. (s) 3°62 C. G.8. unit (ii) 1°32 C. G. 8 unit.

C. U. Questions. |

1951. Define magnetic potential and find its value at any

point due to a very short magnet. .

Find the value of the potential at a point situated on a line

passing through the mid point of a very short magnet of

moment 30 and making an angle of 60° with the axis of the

magnet. The point is 5 ems away from the mid‘ point of nhe

magnet. — Ans 0.6 0.G.5 unit.

1953. Define magnetic potential and find the magnetic

potential at a point due to a very short magnet. Show that the

magnetic moment of such a magnet may be treated as & vector.

19565, Deduce oxpressions for the potential and field at any

point due to a very short magnet.

Problem——Same as in 1951

- 1959. Obtain an expression for the magnetic potential ate

point due to a very short magnet. :
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Determine the magnitude and direction of the field due to a

short bar magnet ata distance r from the centre on « line

making. an angle ¢ with the axis of the magnet.

1961. Explain what is meant by magnetic moment.

Prove that the intensity of magnetic field due to a small

bar magnet in ‘end-on’ position is twice that dueto the same.

magnet in broadside on position at the same distance,

1962 (New Course) Show that the field due to a short.

magnet at a point in ‘end on’ position is double that at an

equidistant point in ‘broadside on’ position.

1966. Define magnetic potential. Derive an expression

for the potential at any point due to a short magnet. Hence

calculate the radial and transverse field intensities.



CHAPTER II

LINES OF FORCE, UNIFORM MAGNETIC FIELD,

MAGNETIC SHELL,

Art, 6 ( A magnetic line of force is a lide such

that at any point on it the magnetic ist ensity
is tangential to it. ) |

f Lines of force originate, from
8 north poles and end on south poles.

a Thus in Fig. 13 at points A, B,...

on the line of force NABS, the

intensity is tangential to the line

N S and is directed away from the

Fig. 13 north pole.

It is obvious from the above defi- A |
nition that two lines of force can never SK
intersect each other. For, if possible |

let two lines of force intersect at A. Fg, 14

Then at A we can draw two tangents, one to each of the

lines of force. Thus, on this supposition the intensity at A

will have two directions. This is physically impossible ;

because the direction of the intensity, at every point is always

unique.

If the potential be the same at all points on a surface the

surface is said to be equipotential.

Since the work donein carrying a unit north pole from

one point to another is the difference of potential between

those two points, it is obvious from the above definition

{of an equipotential surface) that no work is done in

moving a magnetic pole along an equipotential surface ¢. ¢,

the magnetic intensity at any point has no component tangen-

tial to the equipotential surface. Or, in other words the
magnetic intensity is at every point perpendicular to the

equipotential surface. A line of force therefore intersects an

equipotential surface at right angles.
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Art 7 Lines of force coming out of a pole may
Tube of force 4, divided into a number of groups, each

group being called

a tube of force.

Obviously stich

grouping may be

done in an infinite

number of ways.

Thus in fig 15

—_ — , I

_—f there are eight
groups or eight

. tubes of force. In

f magnetism the

grouping is so made

that 4zm tubes of

Fig. 15 force come out of

a pole strength m. It is however customary not to use two

Separate expressions,—lines of force and tubes of force. Lines

of force which are, strictly speaking, geometrical lines as

defined earlier have got little importance. The tubes of force
are therefore always referred to as lines of force. Thus we say

that 47m lines of force come out of every pole of strength m.

If we consider an imaginary sphere of radius r round the

pole all these 47m lines of force cross this sphere. The

surface area of this sphere being 4zr* the number of lines of

TM%. . . _ 4m
force crossing a unit area of this sphere= (ar But

‘ . . . TM
intensity at any point on the surface of the sphere is ee

Hence we have the important conclusion :-—

The intensity at any point is equal to the number of lines

of force crossing unit area round the point, the unit area

being taken perpendicular to the lines.

If the field be uniform the number of lines of force crossing

a unit area must everywhere be constant.

Uniform This is possible only if the lines of fores are
parallel.

E.M.2
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The poles of the Earth are so far away that the Harth’s

field at any place may be regarded as uniform. Lines of force

at any place due to Earth’s magnetism are therefore parallel.

Let a pivoted* magnet NS of pole strength m be inclined

at an angle 9 to the horizontal

mH component H of the Earth’s

field. Then the force on each

A of the two poles is mH. ' Since
Q the forces on the two poles are

equal, parallel and oppositely

directed, they constitute a

S couple. The moment of this

couple=miixarm of the

couple=mH x 21 sin 8 where

me 91 is the length of the magnet.

But mx2l=M the magnetic

Fig. 16 moment of the magnet.

Hence the couple on the magnet =MH sin 9 ves (9)

In this equation if H=1 and @=90", M becomes equal te

the couple on the magnet. Hence we get the definition of the

magnetic moment. [ Vide Art 2]

A pivoted magnet when undisturbed rests in the N-S

direction, #.e. along the direction of H. If
Period of o. s .
oscillation Owever itis rotated from its mean position

of rest and then left to itself it oscillates a

number of times before again coming to rest. ‘Io find the

period of this oscillation we proceed thus :—

At any instant let ? be the inclination of the magnet to the

direction of H. From the well-known law of Rigid Dynamics

we have for an oscillating system,

Moment of intertia** x angular acceleration
ey a Se nee a ale et ee ce cueeee sate

* Byapivoted magnet we meana magnet balanced on a pointer so

that it can rotate only in the horizontal plane. Compare freelsuspended needle { Art 11, foot-note. ] I p y
** Ifthe magnet be rectangular in Shape of length I, and breadth B

and uM be the mass of the magnet the moment of inertia is given by

i=M “a ~
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=moment of the external couple.

Hence for the oscillating magnet

120
Ix “as = —MH sin @

where I isthe moment of inertia of the magnet. The minus

sign is used because the couple acts in the direction of 6

decreasing.

If ? is small, sin 0= 0.

a6 a0 MAH
a =" oo 1 g » = ed , aIve MH@ or 142 ;

1 being aconstant the angular acceleration is propor-

tional to the angular displacement; and the minus sign

indicates that the acceleration is directed towards the mean

position of rest. Hence the motion is simple harmonic and

the time period is given by

T=or« | - (10)
MH

N. B. (1) Here H represents the Earth’s horizontal com-

ponent. If there be other magnets in the neighbourhood H is

the resultant field due to the Earth and the magnets.

(2) Instead of the magnet being pivoted if it be placed

horizontally on a stirr-up suspended by a thin string and

if the stirr-up (with the magnet) be allowed to execute angular

oscillations, the time period is still given by (10). Thus if T

the period of oscillation be measured by a stop-watch and if I

be calculated from the dimensions of the magnet the product

MH cen be found out by equation (10). [ Vide Vibration

Magnetometer, Art 15 J.

Magnetic moments of two magnets may also be compared

by equation (10). Thus if Mi and Ma be the magnetic moments

of two magnets and if T1 and Tz be the periods of oscillation

when the two magnets are successively placed on the stirr-up,

we have
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Ti©27 V hand Te=27 Te,

Tr [Me nh . Mi Te hh

ty “Ma'le °° Me Ti? Ie’
bad

Hence by division

The field strengths at two pownts on the axis of a bar: magnet

at distances 25 cms and 20 cms from the centre of the magret, are

in the ratio 125 : 256. Fund the distance between the poles.

, . sas 2\r
Field-strength at a point on the axis is F = (pm ee

Hence if F; and Fe be the field strengths at the two points,

QM x 25 — 2Mx20 . 25(20? -i)% Fi 125

= (yg? — ype EFEX Coge _ pey2 +> oyia5? = 12/27 pa = 956"
(207-27)? 295 . OF -1? 5

T (st 64 7 ast 2 8g

Hence the distance between the poles = 21=10 cms.

4

or 1/=5

A bar magnet ts placed tn the magnetic meridian wrth ets

north pole pointing north. A magnetic needle suspended horizon-

tally, veriicaliy over the magnet makes 20 oscillations per minute.

If the polarity of the bar maunet be reversed the needle makes

82 oscillations per minute. Flow many oscillations well tt make

when the magnet 1s removed ?

When the north pole of the magnet is directed towards

north the field H’ (at the centre of the needle) due to the

magnet 1s opposite to the field H due tothe Earth. When

the polarity is reversed they act in the same direction. Hence

Qa J i 2 2g _ (1)
M(H -i1') 20

and %m \ Ik po 1S bes (2)
M(H +H’) 32° &

And ifm bethe number of oscillations per minnte when

the magnet is removed, OU on \
n MH

Squaring (1) and (2) - Anil =9 and Amd 225
M(H — H’) M(H +11’) 64

. ... H+H' 9x64 64. H’ 39-. by division =~ = em te ge OS , , 99H
H-H’~ 925 “25°* H “gg CT H= gg -
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PT JJ -
Hence from (1) 27 V(s-®*) 3 or 27 =o VM 3

89

60 _ I BO. 89“. from (3) , on eH 3 Veo “ n=20 2

= 26°68 oscillations per minute.

Let the magnet NS make an angle ?

N with the magnetic field H. Then the

e 4Q couple on the magnet is MH sin If

the magnet be rotated through an

additional angle a@

> the work done= MH sin@ dé.
(In linear mution work done=force x dis-

tance; in rotatory motion work done=couple

Fig. 17 xangular distance |

Hence when the magnet is rotated from one position to

another total work done - fH sin? dé wee (11)

the limits of integration being the values of 9 correspond-

ing to the initial and final positions of the magnet.

Problem. Calculate the work done when the magnet is rotated

through 90° from the magnetic meridian.

1/9 a /9

Work done = MH sinf dd=-MH| cos §| =mMHA
- ra]

Consider a system consisting of a

small magnet NS whose Pp

Potential energy centre is O and a pole
ota magnet ina

uniform field of strength m placed at

a point P. Let OP (7)

make an angle @ with the axis of the a
magnet. Due to the magnet NS the g o

. . Mecosé@ .
potential at Pis - , +4. ¢. the work Fig, 18

done in carrying a unit North pole from infinity to P is

M cos 0.
re
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Hence the work done in bringing the north poleof strength

M 0 , .
m to the point P, 1s - m a ‘4. @ the potential energy of

the system—the pole m at P and the small magnet NS—

mM cos 6
is -~—~g---- Now suppose the pole m is removed to infinity

but at the same time mis made so large that 3 is finite and

equalto H. The field due to the pole m thus becomes upiform

and of strength H. The magnet NS is placed in this uniform

magnetic field of strength H and its potential energy is equal

to MH cos @.

N. B. 1. It is to he noted that the north pole at P repels

the north pole N of the magnet. If, however, the magnet he

placed in Earths uniform field H of course represents

Earth’s horizontal component but since the north pole of the

Earth attracts the north pole of the magnet, the potential

energy in this case is — MH cos @.

2. Since the pole m is ultimately removed to infinity so

that the field is uniform, the initial restriction that the magnet

NS is small, may be removed. Thus the formula is true

for all magnets, large or small, placed in a uniform magnetic

field.

Art 8 Magnetic needle under the joint action

of Earth’s field and another magnet.

Tan A Consider amag-

position Hi netic needle placed

at the point P in

: 7 . the end-on position

SO Nr 5 >. (or tan A position)

/ with respect to the
Pig. 19 magnet NS. The

needle is therefore acted on by two intensities, (1) F

due to the magnet, given by F: (9 ee 2 along OP produced

M, 7, 2 having their usual meanings, and (2) H the Earth's
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horizontal component. If the magnet NS be placed in Kast-

West direction, F acts along the same line; since H acts

along N-S direction, F and H are at right angles to each other.

The resultant intensity therefore makes an angle 9 with the

direction of H where tan 6: er Thus the needle which,

in the absence of the magnet NS, lies along the magnetic

meridian, is deflected through an angle 6 when the magnet

is brought in. The angle @ is given by

tan ga — aMr-

a H H(7*-2*)?
; 2_)° 2
n _(r ' ) tan @ oes (12)

If the magnet NS be small, 1? may be neglected in compa-

rison to r* ; in that case

h
=tr tan 0 ae (19a)

Tan B If the point P betaken in broadside-on

position position (or Jan B position) with respect

‘to the magnet NS, the intensity

d to th t i Mue tothe magnet is (72 + 12)3/9

If the magnet be placed lin

Tiast-West position, this inten-

sity is at right angles to H.

Hence in this case a_ needle

placed at P is deflected through

an angle @ given by N

Fig. 20

tan 0= -_,TM 2)\3/
H(r7 + 1°)3/o

M 9 2 5- (r +] ) tan 0 eee (13)

' M 3If 2 be small, —a=a7 > tan 7 hehe (13a)
H

The value of a can therefore be found out by either
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j The value of ? in thef the two equations (12) or (13).
equations is an uncertain factor which cannot usually he
determined with sufficient accuracy. This J can however be
eliminated if the needle be placed at two different distances

from the magnet. [Vide Appendix A]

So far we have assumed without any proof the funda-

mental proposition, viz, the force between two poles varies

Art. 9 inversely as the square of the distance

Inverse Square between the poles,—this is known bs the

Law Law of Inverse Square. That the !force

between two poles depends upon the distance, is obvious.

That it varies inversely as the square of the distance, requires

a proof which we now proceed to discuss.

Let us assume that the force between two poles varies

inversely as the »'” power of the distance, 7.6. let the force

M1Me2 . : .between two poles be equal to I the intensitv at a dis-

= e 4 rt
tance 7 is therefore given by F= ,.

r

Hence, considering the SO __N P

Fig. 21

it

h

powers of r.

Zmni_ nM
git re

Similarly for tan B_ position the

intensity at P due to north pole

m

sm along NP produced
NP » arf

(7? + 1?)

and the intensity at P due to south pole

TM

S b- yy

(7? +. 1*) le
Resolving these two in a direction

along PS
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parallel to the magnet the resultant intensity at P is

Fe= - ” m1, cos a= J “ n+](r2 + 1?) (72+ 12) / Gy! +7, : (r° +1") 2
M M . 12

nt Lmpnts neglecting |»
13 ee

p(t 7) 2

Hence if we place a magnetic needle at Pin the two

positions (the magnet NS being placed K-W), the needle will

be deflected by angles 61 and 62 in the two cases, given by

F, nM Fe M
y=tan i= = pnt and tan @.= Hp

tan Oy

tan 0.

If the values of 61 and @2 be actually obtained experimen-

oe tan @
tally, it is found that ane Hence we conclude that

2

n=2. This is known as Gauss’ proof of the law of inverse

square.

The inverse square law may also be verified by tle Torsion balance.

(Vide Art 28)

Art 10 .
M . If a thin sheet of a magnetic substance
agnetic

shell be magnetised at right angles toits surface,

t.é. if north polar magnetism be distributed

over one face and south polar magnetism

over another, then we have what is known as

a magnetic shell.

If at any point on its surface we consider

an elementary area ds the amount of pole

Strength over this area=mds, where m is the

pole strength per unit area at this point.

Then the magnetic moment of the elementary

magnet whose end face is ds,

=mdsxt wheretis the thickness of the

Shell at the point.

=o ds where $= mt.
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This ¢ or the product m*Xtis called the strength of the

shell at the point. The strength of a shell at any point is

therefore defined as the product of the pole strength per

unit area and the thickness of the shell at the point. If this

strength be constant at al] points on the sur-

Uniform shell face the shell is said to be uniform. Itis to

be noted that in a uniform magnetic shell
neither mnort need separately be constant; it is endugh if
the product m x ¢ remains constant.

Potential due to a uniform magnetic shell,

Consider an elementary area AB (=ds) on the shell.

The elementary magnet whose end faceis AB is of length

¢ the thickness of the shell. Its moment is therefore

“equal to mdsxt=¢ds where

“m is the pole-strength per

unit area and ¢the strength

of the shell. The potential

at any point P due to this

elementary magnet=*-7* 2 sO

[from (7], where +7 is the

‘distance of P from ds* and 9

is the angle between r and the

normal to ds. Join PA, PB

. _and drop AC perpendicular
Fig. 24 to PB.

Since ris perpendicular to AC the angle between AC

and ds is equal to the angle between r and the normal to ds

te LBAC=6 .. adscos {=@AB cos 9)=AC
Hence the total potential at P

._ {eds cos0 bAC
r? = _

Since ds is infinitesimally small the distance of Pfrom A or B
or from any point on ds, may be taken to be equal tor.

*
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= | ddu where dw is the solid angle APB
subtended at P by ds.

=o f de if the shell be uniform ¢ is constant
and may be taken outside the integral sign.

= pu see see (14)
where w is the total solid angle subtended by the entire

shell at P.

N. B. (1) If P faces the south polar side of the shell the
potential at Pis — de.

(2) Ifthe medium, instead of being air, be a substance

whose permeability is » the potential at P is °

Consider a uniform shell AB of any shape and consider

two points P and Q, P on the north polar

Work done side and © on the south polar side of the

shell, the points being close to each other.

Then V = ¢ * solid angle APB and Vom -~@xXsolid angle

AQB. If the points P and Q be

sufficiently close solid angle AQB=4z-—

solid angle APB=4zr-w if w=solid

angle APB.

“. Vp=¢o

and Vi=—¢l4z-a)=9¢(w—4z)| (45)

A

e Vi7Vv = 4rd

&

=>

mesa’ VQ od
Hence the work done in carrying a | a

unit North pole from a point close to /

*etne shell on one side to another point

also close to the shell, but on the cther

side=4z¢. It is important to note that

the path along which the unit North

pole is taken from P to Q, must nowhere

‘cross the shell. Fig. 25

Potential at any point within a uniform shell

Let P be any point within a uniform shell of strength 4,

Let AB be a line passing through P and perpendicular

om m=o* ym ay
. vr

2. a”
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to the faces of the shell. Through P imagine a plane

passing within the shell so that the shell is

decomposed into two uniform shells whose thicknesses

are AP and BP. Since the strength of a shell is propor-

Fig, 26

tional to its thickness the strengths of the two component
)

: and ¢ ap
face of the original shell the poirt P is on the south polar

face of the tirst component shell (whose thickness is AP) and

on the north polar face of the other component shell (whose

thickness is BP),

Hence total potential at P.

shells are a If A be on the north polar

BP AP
= + ~ i5) |% aye p AB 4x), [ from (i5) |

Where w is the solid angle subtended by the-

Sshe]l at P.

AP +BP _ AP
pw AB 4rd, BP

“fons



-Art 10 LINES OF FORCE ; UNIFORM FIELD 29

Special Cases :—

(1) If P coincides with A, AP=0, V aoe

(2) If P coincides with B, AP=AB, VV, = Plo — 47)

Exercise II

1. How did Gauss prove that the force between two

magnetic charges varies inversely as the square of the distance

between them. C. U. 1930

92. Discuss the signiticance of the ‘inverse square law” as

applied to Klectricity and Magnetism. Devise an experiment

fo prove the validity of the law for a magnetic field. C. U. 1944

3. Two bar magnets of moments M and M’ and of equal

length are placed on a floating piece of cork so that they are at

right angles to oach other, their north poles being in contact.

If M=2M’ find (a) the angle which the magnet M makes with

the magnetic meridian in the equilibrium position (b) through

what angle the system would rotate when the poles of the

magnet M’ are reversed. Ans. (a) 26° 34’ (b) 53° 8’.

4. Two magnets, the moment of one being double that of

the other, are rigidly connected at the centre so that they make

an angle of 60 with each other, similar poles being near each

other. If this combination be suspended from the centre find

the angles which the magnets in the equilibrium position

make with the magnetic meridian. Ans. 19° 6’ and 40° 54’,

5. A bar magnet hung horizontally by a fine wire lies in

the magnetic meridian when the wire 1s without any twist,

When the top of the wire is twisted through 150° the magnet

is deflected through 60°. Through what further angle must the

top of the wire be rotated so as to bring the magnet perpendi-

cular to the magnetio meridian ? Ans 23'2°

6. A magnet 20 oms. long and of pole strength 20 units is

suspended at a place where H=0'18. Find the couple required

to deflect the magnet (i) through 30° (ii) through 90°. Find

also the work done in turning the magnet from the magnetic

meridan through 90° Ans. (i) 36 (ii) 72; 72 ergs.
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7. A small magnet makes 20 oscillations per minute.

When a bar magnet is placed in the magnetic meridian due

north of the small magnet, the latter makes 28 oscillations per

minute. What would be the frequency if the bar magnet be

placed in the same position with its poles reversed ? |

Ans, 4 oscillations per minute.

8. A horizontally suspended magnet vibrates 12 times a

minute af a place where H=018. How many times per minute

will it vibrate at another place where FI=0'25 ? Ans 10,/9_

9. What are the factors that affect the period of ostilla-

tion of the vibration magnetometer ?

The period of oscillation of a vibrating magnet is T when

under the influence of the Earth's tield. When a bar magnet

of magnetic length 16 oms., is placed with its centre 20 ems.

east of the vibrating magnet and with its axis parallel to the

magnetic meridian the period is reduced to T/2. What is ‘the

pole strength of the bar magnet and which pole points north ?

[H =0°9]. Ans 3749 ; South pole.
10. What is a magnetic shell? When is it said to be

uniform ? Obtain an expression for the potential at a point

due to a uniform magnetic shell.

A uniform magnetio shell is of the shape of a circular diseo.
Find the potential at any point on the axis of the diso.

C, U. Questions

1950. Deduce an expression for the couple acting on a
magnet freely suspended in a uniform field.

A magnet 20 oms long with poles of unit strength, is freely
suspended in @ horizontal uniform field of intensity 0°18 unit.
Find the moment of the couple tending to restore the magnet to
its original position of rest when it is deflected in a horizontal
plane chrough 30° from that position. Ans. 1°8 dyne-cm.

1952. Explain what is meant by a magnetic shell. How
do you define its strength,

1956 (a) Calculate the potential at a point due to a magneticshel! the surrounding medinm having a permeability yp.
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(b) Define the factors on which the periodic time of a

vibration magnetometer depends. What precautions would you

take in using the instrament and why.

1963. What is meant by a magnetic shell ? Derive an

expression for the potential at a point due to a uniform

magnetic shell. Apply it for the calculation of the potential at

any point on the diameter of a hemispherical shell.

1963. (New course). What is a magnetic shell? Derive an

expression for the potential due to a uniform magnetic shell at

a point near it. Hence determine the potential due to a circular

magnetic shell at any point on its axis.

1964. Find an expression for the work done in deflecting o

magnet from its position of rest in a uniform magnetic field.

1965. Show that the period of oscillation of a magnet of

moment M in a field of strength H is given by T=2z Via

where is the moment of inertia of the magnet about the.

axis of suspension.



CHAPTER III

TERRESTRIAL MAGNETISM

Asis well-known from the behaviour of the compass needle

the Earth is a huge magnet with its magnetic

Art 11 north and south poles situated somewhere

close to corresponding geographic poles.!

It is to be noted that since unlike poles attract each ‘other

in any magnet the pole which is altracted towards the north

pole of the Itarth should be called a south pole; but it is

our convention to call it a north seeking pole or a north pole.

Thus the north pole of a magnet is attracted by the north

pole and repelled by the south pole of the earth.

At any place P on the Earth’s

sutface the intensity due to

Karth’s magnetism is partly due

to the north pole and partly due

to the south pole of the Earth,

‘. t.é a unit north pole at P is

attracted towards the north pole

and repelled by the south pole

of the Earth, these forces varving

inversely as the squares of the

S corresponding distances of P

Vig. 27 from the two poles. The

resultant intensity or the total intensity I-is, in general,

inclined to the horizon of the place. This angle of inclination

to the horizon is known as the inclination or dip at the

place. Thus we have the following definition :—

The inclination or dip at any place is the angle which

the total intensity due to Harth’s magnetism
Inciination .
or dip makes with the horizon of the place.

A freely* suspended magnetic needle lies

* By a freely suspended needle we mean a needle suspended from

its centre of gravity, so that it can rotate in al] possible planes, Compare
pivoted needle, Art 7, footnote.
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along the direction of the total intensity. The inclination to

the horizon of a freely suspended needle therefore measures

the inclination at any place.

If we resolve the total inten-

sity I along the

H and V horizon and along a

the vertical, the

two components are known as a
Earth’s horizontal componentand

Zarth’s vertical component. They

are generally represented by the Fig. 28

the letters II and V respectively. Thus if ? be the inclination

meee Rer me

am

“\2

H =I cos @ "tan 0

V= [sin 0 H?+y2=1]"

- (16)

It is obvious that of the four quantities I, H, V and @ if

two can be determined experimentally the other two can be

obtained by calculation from the above four equations.

The three elements of HEarth’s magnetism

Art 12 are (1) Declination (2) Inclination or Dip and

(3) Marth’s Horizontal component.

Of these the first remains to bedefined. Geographical

poles of the Harth are situated at the ends of

Declination the diameter about which the earth rotates.

Magnetic poles though very near to the

corresponding geographical poles are not exactly coincident

with them. At any place onthe surface of the EKarth let us

imagine two planes—one passing through the magnetic north,

magnetic south and the zenith of the place and the other

through the geographical north, geographical south and the

zenith. These planes are known as magnetic meridian and

geographical meridian respectively and the angle between

these two planes is called the declination of the place.

E.M. 8
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We shall now discuss methods for determining these three

elements.

Art 13 Declination (D)

Place a compass needle on a piece of paper stretched over

a horizontal drawiug board. The positions of
Magnetic
meridian the two ends of the needle are marked on the

paper with a pencil. The line joining these

two points indicates the direction of the magnetic meridian,
Fix up a rod vertically on the same drawing board out in

the open sun. Inthe morning when the Sun

is in the Hast the shadow of the rod is

towards the West and is faitly long. In the

Geograchical

meridian

evening when the Stun goes towards the West the shadow is

towards the East and is also long. At about mid-day when

the Sun is almost®*® over-head the shadow is of minimum size

and lies along the geographical North-South direction. Hence

the proceedure :—

Watch the shadow ; whenits length is minimum draw a

line along the shadow. This line gives us the direction of

the geographical meridian.

The direction of the magnetic and the geographical

meridians being obtained in this way the angle between them

gives us the declination D at the place.

Art. 14 Inclination or Dip

Inclination or Dip at any place can be best determined

by an apparatus known as “Dip circle’.

Dip Circle It essentially consists of a fairly long

magnetic needle supported at the centre of

a vertical circle AA. The circle is graduated in each

quadrant from 0° to 90°, the line joining 0° — 0°

“At places on the Earth between the tropic of Cancer and Tropic of

Capricorn the Sun comes exactly over-heard at midday only on two
days in the year. At places outside this region the Sun is never over=

head on atiy day in the year,
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being horizontal. The needle is so supported that it can

rotate only in the vertical '

plane, + e in the plane

of the graduated circle AA.

This circle can also be

rotated about a_ vertical

axis; the amount of

rotation can be read off

from another horizontal

graduated circle BB. The

whole instrument rests on

three levelling screws hy

means of which it may he

levelled. It is obvious that

when the plane of’ the

vertical circle coincides

with the magnetic meridian

the inclination of the kig. 29

needle to the horizon gives us the dip.

There are two ways of using this instrument.

In any position let the plane of the vertical circle AA

make an angle § with the magnetic meridian. Then the com-

ponent of H along the plane AA, is H cos 8:

the other component H sin 58 perp to the

plane has no effect on the needle (because the

needle can rotate only inthe plane AA). Thus the needle

is effectively acted on by two intensities, the vertical com-

ponent V acting vertically and the component H cos 6 acting

horizontally. If in this position #: be the inclination of the

needle to the horizon (&. 6. apparent dip)

First

method

tan 01 —
a et cos 8°

he vertical circle is now rotated through 90° and the new

apparent dip Oais again noted. The plane AA now makes an

angle 90°+ 8 with the magnetic meridian. Then the apparent

dip 9 is given by
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Baan — Vv LLL. Vv
tan (a cos (JU° +5) ~~ sin 8°

H2 cas?S HH? sin?S
Hence Cot?41 + Cot7e = - v2 — toe

2

= a Cots. oes (17)

where 6 is the true dip. [ Vide (16) ]

Thus measuring 61 and #2, 0 may be determined.

If the plane of the vertical circle AA he brought perpen-

dicular tothe magnetic meridian the horizontal component

H (which acts along the magnetic meridian)
acts perpendicularly to the plane AA and

has therefore no effect on the needle. The

needle in this position being effectively acted on only by the

vertical component V, becomes Vertical. Hence the following

Second

method

proceedure is adopted :—

Rotate the vertical circle AA until the needle is vertical,

The plane of the vertical circle is now perpendicular to the

magnetic meridian. It is rotated further through an angle

of 90°; the plane now comes in the magnetic meridian. The

inclination of the needle to the horizon is then read off from

the vertical scale: this gives us the dip.

There are several sources of errors which

Errors must be eliminated before the correct dip is

obtained.

(a) The centre of the needle

may not cotncide with the centre

of the vertica: ctrcle. Thus with

the needle in the position ns

the correct dip is n’ or s’; the

Teading nis too low, whereas

the reading s is too high to an

equal extent. The error is

therefore eliminated by noting

the readings of both the enas

mand s and taking the mean of

these two readings.



Art 14 TERRESTRIAL MAGNETISM 37

(b) The O°-O line may not be horizontal. Let a’b’ be

the 0°-0° line slightly inclined to the correct horizontal

line ab. If NS represents the position of the needle the

readings N and S are both too small. This error is eliminated

by rotating the vertical circle through 180°. The 0°-(° line

a’b’ now takes the

position ab”, The

position of the needle

which is controlled by

Earth’s total intensity

however remains un-

changed. The readings

N and S are now both

too high to an equal

extent. The mean of

the previous and the

present readings gives Fig. 31

the true dip.

(c) The magnetic axis of the needle may not concide with

the geometric axis. Let n’s’ represent the magnetic axis of

the needle whose geometric axis is ns. The correct readings

should be those of n’ and s’. The readings nm and s are therefore

both too small [ Fig. 32 (a) }. The needle is now reversed in

its bearings. The position of the magnetic axis n’s’ relative

to the dip circle remains unchanged. But the geometric axis
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is now inclined the other way to n’s’ [Fig. 32 (6) ], The

readings n ands arenowtoo high. The error is therefore

eliminated by taking the mean of the previous and the present

readings.

(d) ‘The centre of gravity of the needle may not coincide with

the axis of rotation of the needle. Let the C. G. be situated a

Fig. 33

little towards the north pole of the needle [ Fig. 33 (a) ].

Then the weight of the needle brings the north pole a little

downwards. ‘The :readings are therefore too low. This error

is eliminated by re-magnetising the needle so that the polarity

is reversed. The end nearer the C. G. now becomes a south

pole which is consequently brought a little downwards

[ Fig. 33 (b) |. The readings are therefore too large. The

mean of these two sets of readings gives the true dip.

The C. G. may aiso be displaced perpendicular to the axis of the

needle. But this error is automatically climinated during the

proceedure (c) when the needle is reversed in its bearings.

Art 15. Earth's Horizontal Component.

The measurement of H consists of two separate

experiments, first by Deflection Magnetometer and secondly

by Vivration Magnetometer.

Deficction Magnetometer,

It essentially consists of a short magnetised needle pivoted

at the centre of a graduated circular scale ; a long pointer

usually made of aluminium is rigidly attached at right angles
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to the needle. The movement of this pointer along the

gtaduated scale gives the angle of deflection of the needle.

The base board is prolonged on opposite ,sides of the circular

on ts
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Fig. 34

scale and a centimetre scale is fixed on each of these arms.

These scales are so graduated that the ‘zero’ marking of each

of them coincides with the centre of the magnetic needle. Thus

the distance from the centre of the needle of any magnet

placed along the scale may be read off directly from the iscale.

Adjust the magnetometer so that its arms are perpen-

dicular to the magnetic meridian. Place a bar magnet along

the scale at any suitable distance from the needle. The needle

is now in ‘Tan A’ position with respect to the magnet. If 8 be

the angle of deflection of the needle we have by (12) [Page 23].

M (7? — ]*)? .
nn a 0, where r is the distance of the centre

of the magnet from the needle and 21 is the length of the

magnet. Hence n can be determined.

N, B. (1) The arms of the magnetometer can be placed in the

magnetic meridian also, In this case the bar magnet isto be placed

perp. to the arm ; the maynetic needle is in Tan B position with respect

to the magnet and the formula is

8

‘ = (77 +1") tan 8

(2) Whether we use tan A or tan PB position the deflecting magnet

must always be ferp, to the magnetic meridian co that at the centre of

the needle the intensity due tothe Parth and that due to the magnet

are at right angles ‘o each other. Otherwise in either of the two

positions if the magnet be pliced along the magnetic meridian (¢.e.

perpendicular to the scale when the arms of the maguetometer are

Hast-west or aloug the scale when the arms are North South) the two

intensities He alung the same direction and the needle is not deflected

at all.

(3) Strictly speaking, 21 is not the length of the magnet.

itis the distance between the poles of magnet. There is
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therefore a small error If greater accuracy is wanted 1 may

be eliminated by placing the magnet with its centre at two

different distances 71 and rz and noting the corresponding

deflections 41 and 92 of the magnetic needle. The equation is

M rv tan I,-re° tan Je. . ; eae
ode - 0 On tan UA Osition andthen H 3 re 72" p ni

5 A — “9” Cc Qs e « « «HH _7) tan : em fan in tan B position. [| Vide Appendix Al.
ri — 72 !

Vibration Magnetometer.

In this instrument a stirrup 1s suspended bv a fine string

within a glass vessel. At first a heavy weight is placed on the

stirrup so that the string is completelv untwisted. The heavy

weight is now removed and the bar magnet is placed on the

stirrup and as the magnet swings to and fro the period of

oscillation is measured with a stop watch. The moment of

inertia ofthe magnet being calculated from its mass, length and

breadth, the product MH can be determined by (10) [Page 19].

Hence, knowing vs from the deflection experiment and

MH from the vibration experiment, the value of H can be

found out.

N.B. From the values of 1 and MII thus found out the value of

M can also be determined ; and if 27 the distance between the poles

be known, m the strength of either pole can be calculated.

If the frequency of a magnet oscillating horizontally ts 60 per

minute ata place where the dip is 60° and 40 per minute at

another place where the dip ts 45° compare the total tntensities at

the two places.

If Fi & Fe be the total intensities and Hi & Hz the horizon-

tal components at the two places Fi cos 60°=Hi and

Fe cos 45°= Ha

From (10) [ Page 19 ] 27, /. To ay
MH: 60

and = a, / I _60_ 8
ma -— ess

MHe 40 9
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NFTETOO aes,

by division hae -3.. Hil 9 ., Ficos 60 _ 9
y 1 Hz. 2 °° He 4 Fe cos 45° 4

Pi 9V2 Log.
Fe 4

~ -_— oo a a a ne —_—-

(1) Fig. 35 (2)

In Fig. (1), taking moments about the centre

V. 21 cos 30°=H. 21 sin 30°+ 1g. 2 cos 30°

or 2 /3.V=2H+9,/3 vee wee (a)

In Fig. (2), taking moments about the centre

V. 2l=mg.l or V=4mg

where m is the required mass.

Substituting this value of V in (a) /3.mg=2H +9 J3.

V m
H = 3 (m—1). an 60° = — ee —49/3 (m—-1). But tan 6 H 7 J/3(m—1)

or V3=" 1308 1) “. 38(m-l=m «2 m=1'5 gms.

The Kew form of magnetometer is a combined apparatus

for measuring the declination D and the

Art 16 horizontal component H. It essentially
magnetometer consists of the magnet M1 and the telescope

Ti for measuring D and the magnet Me and

the telescope Ts for determining H. A graduated brass

bar 818s fixed perp. to the axis of the telescope Te carries.
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telescope is rotated until the central marking of the scale

coincides with the vertical cross wire of the telescope.

Readings of the circular scale at the base are taken to note

down the position. In order to remove any possible error

due to the geometric axis of the magnet not coinciding with

its magnetic axis, the magnet is turned upside down and

readings are again taken. The mean of the previous and

present readings gives the direction of the magnetic

meridian.

To determine the geographical meridian the mirror TM is

so adjusted that the axis of its rotation is

Geographic horizontal and perp. to the axis of the
telescope Ti. The magnet Mi is removed

and the instrument is rotated until an image of the Sun as

reflected by the mirror mis seen inthe telescope. The exact

instant when the centre of the Sun crosses the cross wire of

the telescope is noted by a chronometer. Then knowing the

latitude of the place the azimuth of the Sun can be obtained

from the National Almanac. The telescope is further rotated

through this angle of azimuth ; the axis of the telescope now

coincides with the geographical meridian. The difference in

readings of the circular scale for the two positions of the

telescope pointing magnetic and geographical meridians, gives

as the declination ID of the place.

Determination of H by Kew Magnetometer.

To determine H, as described previously the instrument

is rotated until the axis of the telescope T1 lies along the

magnetic meridian. The telescope Te being always parallel

to IT, is also thus brought in the magnetic meridian ; the brass

har SiSa being perpendicular to the axis of the telescope Ts,

is now in the East-West position. The magnet M1 is removed

and the magnet M2 is suspended by a fine wire from the same

point A. A small mirror is attached to the end of the magnet

Me nearer to the telescope Ts. A small scale $ at the top of

the telescope Tais reflected by this small mirror and is seen by

the telescope Te. With the deflecting magnet Ms removed, the
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marking of the scale coinciding with the cross wire of the

telescope, is first observed. The same observation is repeated

when the magnet M3 is brought in its position. From the

difference in the two readings, the deflection of the magnet Ma

M
is known and hence iH for the magnet Ms can be calculated

bv (12) [Page 23]. Te find the product MH the deflecting

magnet Ms is placed in the position of Mi, all other naenen
belng removed. As it oscillates it is observed by : the
telescope T1 and the time period is determined by a chrono-

meter. Thus T is determined. Hence measuring I, MH can

be determined from (10) [Page 19].

It has been observed that all the three elements of Earth’s

Art 17 magnetism at anv place are never constant;

Continuous they undergo small but systematic changes.

records It is a matter of great importance to observe

and record these changes continuously. An instrument

known aS magnetograph has been devised to record these

changes automatically and continuously. For this purpose

the three elements chosen are the declination D, the horizontal

component H and the vertical* component V.

Since the direction of geographical meridian at any place

is always fixed the variation in the declination D is entirely

due to changes in the magnetic

meridian at the place. To get a

eos continuous record of this change

a magnet suspended from a fixed

point by a fine wire is enclosed in

: — \ a hollow, rectangular copper box ;

co As the magnet oscillates induced |

aed currents generated in the copper

mM of the box serve to damp the
Fig, 37 oscillations. ‘The magnet always

lies along the magnetic meridian and the direction of the

*It may be seenthat the element inclination or dip canbe easily

found out if both H and V are known.

t Vide Chapter XVI.
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magnet, obviously, follows the changes, if any, of the

direction of the magnetic meridian. Rigidly attached to the

magnet but outside the box, there is a semi-circular

niirror and immediately below this there is another exactly

similar semi-circular mirror fixed to the base. A beam

of rays reflected by these mirrors is ultimately reduced

to two points by means of a convex lens. A photographic

paper wound on a drum receives these point images. It is so

arranged that as the drum slowly rotates by a clockwork the

photographic paper moves in the vertical direction ; the point

produced by the beam reflected from the lower fixed mirror,

obviously traces a straight line, whereas the other point pro-

duced by the other mirror generates a curved line. The dis-

tance between two corresponding points of these lines is

proportional to the angle through which the upper mirror is

rotated and is therefore a measure of the change in the position

of the magnet, «. e. of the change in the magnetic meridian.

Automatically, every hour, by means of a shutter the reflected

beam from the fixed mirror is cut off for a short time. The

breaks thus produced in the line give a time scale for deter.

mining the time at any instant.

In order to record variations in H a magnet is suspended

Variations by bifiliar suspension. The torsion head is

of H. rotated until the magnet is very nearly

perpendicular to the magnetic meridian. Any change in H

obviously produces a corresponding change in the direction of

the magnet. The arrangement of mirrors and light-focussing

being identically the same as before, changes in H are conti-

nuously recorded on a rotating drum exactly in a similar way.

To get a continuous record of the variation in V_ the

magnet is balanced in the horizontal position

Variations over a knife edge. The centre of gravity of
| the magnet is slightly towards one side of the

magnet, so that the couple due to the vertical component

balances the bending moment due to the weight of the magnet.

Any change in V makes a proportional change in the

inclination of the magnet to the vertical. In this case a small
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vertical mirror is attached to one end of the magnet. A beam

of rays is reflected by this mirror and is afterwards concen-

trated to a point by a convex lens. A photographic paper

wound on a rotating drum receives this point image; the,

photographic paper in this case moves in the horizontal

direction and a continuous record of tbe variation of, V is

made on the paper. }
The three records for the variations of D, H and +} may

conveniently be on the same photographic paper. \

Art 18 All the three magnetic elements are found

Magnetic to undergo steady and systematic variations.
variations. oo. .

These variations can broadly be classified

under three headings.

(1) SecularVariation. This is a long period variation.

The declination in Londen was 11° 15’ E in 1580, 5° 30’ E in

1600 and 0° in 1659. The declination then turned westward

becoming 10°30'W in 1709 and

reaching the maximum value

24°30’ W in 1820. It has since

been slowly decreasing. It is

expected that it will again

be zero about the year

2139. The magnetic system

is thus found to rotate slowly

from east to west, making a

complete revolution in 960

years. The magnetic north

pole describes a small circle

of radius equal to 17° as can

Fig. 38 be seen from Fig 38.

Similar secular variations in inclination and horizontal

component are also observed. In London inclination reached

the maximum value 74° 42’ N in 1793. Since then it has been

slowly decreasing at an average rate of about 1'1’ per year.
The horizontal component on the other hand has been found

to be steadily increasing at about 0°00002 unit per year.
Complete cycles in these two cases cannot yet be deduced.
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(9) Diurnal Variation, The elements are also found to

undergo diurnal variations. Variation in the declination in

London is shown by the curve A in Fig 39. Just before

8 A.M. this reaches an extreme value of about 4’ east of its

mean position ; afterwards at about 1 P.M. it reaches the

other extreme value 5’ West.
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Similarly variation in the inclination represented by the

curve B has two extreme values, one approximately at

11 A. M. and the other at 7 P.M. But variations are much

Smaller in this case. In the case of the Horizontal component

(curve C), the maximum and minimum also occur at about

7 P. M. and I! A. M. respectively.

(3) Annular variation, An annular variation in declination

has also been observed. In London the maximum easterly

deviation occurs in August and the westerly in February, the

amplitude of variation being about 2°2’- In Northern and

Southern hemispheres these variations occur simultaneously

but in opposite directions.
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Beside these variations there are occasional sudden

Magnetic and violent fluctuations; these are known

storm as magnetic storms.

The theory of terrestrial magnetism is not yet fully

developed. Although according to Gauss the magnetic

effect at any place is primarily due to some source within

the Earth Schuster and others are of opinion that at least

diurnal variations and similar other effect owe their orjgin

to some source external to the Karth. It is now definitely

known that round the Earth at a height of a few miles
there are several layers of electronic belts. The concentration

of electrons in these belts depends-——partly at least—upon the

solar radiation and therefore undergoes a diurnal fluctuation.

Electrons are also in constant motion producing electronic

currents. It is believed that these electronic currents produce

corresponding effect on the magnetic elements of the Earth.

Sunspots frequently seen on the surface of the Sun are

found to be closely associated with the magnetic effect on the

surface of the Earth. The frequency of
Eleven year .

y sunspots is found to undergo a conpleteperiod,

cycle in an eleven-year period. Variations

in the magnetic elements of the Earth are strongly correlated

with this eleven year cycle.

Out in the open sea the captain of a ship
Art a. j :

Maines finds the direction with the help of what is
Compass. known as a Martner’s Compass. A number

of short magnets is fixed parallel to one

another on a circular card board pivoted at the centre.

The circumference of the cardboard is marked by 32

directions which are known as the points of the compass. The

N-S direction is specially indicated by a crown. The vertical

pivot on which the cardbord rests is fixed toa base B. It is

essential that the base B is always horizontal even when the

ship is being tossed by the waves of the sea. ‘This is done

by what is known as Gymballs arrangement. ‘The base B

is attached to a ring AA at two diametrically opposite

points about which it can freely rotate. The ring AA again
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is attached to another outer ring CC at two diametrically

Opposite points about which it can freely turn. The axis

of rotation of Bis perpendicular tothatof AA. The ring CC

is attached to some suitable stand on the ship. When the

ship is tossed by the waves

the outer ring CC of course

turns though various angles

along with the ship. But

obviously the base B

remains unaffected.

The Mariner’s conpass

indicates tie direction of

the magnetic North pole.

The direction of the geo-

graphical North pole makes

With this an angle equal Fig. 40

to the declination of the

place. Measuring the latitude and longitude of the place by

usual methods the declination can be found out from the

Nautical Almanac and hence the direction of the geographical

North pole can be determined.

The permanent magnets and soft iron

of the ship however affect the compass.

To find the effect due to permanent

magnets we suppose that the permanent

magnets are equivalent to a single magnet

cf moment M placed along the keel AB of

the ship. At any time when this makes

an angle @ with the magnetic meridian

the component of M perpendicular to

the magnetic meridian is M sin @ and

.| the couple tending to rotate the compass

magnets is proportional to M sin @,

Fig. 41 Clearly this changes its sign when 0
passes through 180°. The effect is therefore called sems-

strcular deviation. ‘This is corrected by suitably placing small

Permanent magnets near the Mariner’s Compass,

E.M. 4
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To find the effect due to the soft iron we suppose that the

soft iron in the ship is equivalent to a single piece of soft iron

placed along the keel AB of the ship[ Fig 41 |. This is mag-

netised by Earth’s Horizontal component H. If at any instant

the keel AB makes an angle 8 with H the magnetic moment

induced in the soft irot. is proportional to H cos @ and

hence the couple due to this on the Mariner’s Compass is

proportional to H cos @ sin @, i.e. to # H sin 26. Obviously this

changes sign when 29 passes through 180°, 1.e. when 6 changes

by 90°. This is therefore called Quadrantal deviation. \'This

is corrected by placing suitable hollow spheres of soft ‘iron

near the Mariner's compass.

Exercise III

1. A compass needle isin tan A position with respect tc

a short magnet placed in East-West direction. In a certain

place a certain deflection is produced when the distance between

them is 25 oms. At another place, in order to produce the

same deflection the magnet has to be pushed 5 ems towards

the needle. Compare the horizontal forces at the two places.

Aus. 64 : 195,

2. Whatis meant by the horizontal intensity of Earth’s

magnetic field ? Explain what observations are necessary for

the determination of total intensity of earth’s magnetic field

at any given place. C. U. 1947.

3. How is the horizontal component of the earth’s

magnetic field determined ?

At a place where the angle of dip is 45° and the total inten-

sity is 0°4 a magnet vibrating horizontally makes 10 oscilla-

tions per minute. Calculate the number it would make at a

place where the dip is 60° and the total intensity is 0°5.

Ans. 9°40.

4, Explain how the magnetic meridian at any place may

be determined with the help of a Dip Cirole.
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The apparent dip indicated by a Dip circle in any position

is 60°. Ifthe Dip circle be rotated through 90°, the apparent

dip changes to 45°. Find the true dip at the place. Ans. 40° 54'

5. Explain why, in determining the dip at any place by a

Dip cirole, if is necessary to reverse the polarity of the needle.

6. Describe the Dip Circle and explain how you would

determine by means of it (a) the magnetic meridian (b) the dip.

What are the various errors which may arise in the

determination of dip by means of a Dip circle and show how

they are eliminated.

7. If 0’ be the apparent dip when the plane of the Dip

circle makes an angle & with the magnetic meridian, prove

that the true dip @ is given by the equation

tan G=tan 0’. cos @

8, Explain what you mean by a magnetic map? How is

it prepared ?

Describe an acourate method for finding the declination of

a® place. How would you arrange for the observation of its

daily variation ?

9. Describe a Mariner’s Compass and explain by what

arrangement the Compass needles sre made to remain always

horizontal even when the ship is tossed by the waves.

Explain how the compass is affected by permanent magnets

and soft iron of the ship and indicate in a general way how

these are corrected.

C. U. Questions.

1958. Define with the help of a diagram the elements that

characterise earth’s magnetism at any point on its surface.

Explain how the horizontal component of the earth’s

magnetic field and the dip are measured in the laboratory.

1960. What are the different elements that characterise the

earth’s magnetism at any point on its surface? Describea

method for determining the value of its horizontal intensity in

the laboratory.

1961. Write notes on ‘Earth’s magnetio elements.”
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1964, What is meant by the moment of a magnet? Explain

how you determine the moment of a magnet by the magneto-

meter method, giving the underlying theory. Deduce any

relation that you may use in this connection.

1965. Write short notes on measurement of the horizontal

component of the Harth’s field. |

1962, (New Course) (a) Describe & method of determining

the horizontal component of the earth's magnetic field. |

(b) A horizontally suspended magnet makes 30 oscillations
in 2 min 30 seo at 8 place where the dip is 60° and the total

intensity 0°5. Calculate the number of oscillations it will

make in 3 min at another place where the dipis 45 and the

tota] intensity is 0°37. Ans. 45°71

150 / 7 an |
Hints :-—~ ~~~ ea OTF

30 V Mx 05008 60°

and 180 = OT / — t Hence find n,
nN Mx 067 cos45"

1964. (1) Briefly describe a method of determining the

horizontal component of earth’s magnetio field at a place.

(2) Write notes on (a) dip cirole (4) magnetometer.

1965, Describe the magnetometer working on the equation

T=2n r/ wa and show how this can be used to compare

tho earth’s magnetic field at two different places.

1966. (Special) Explain what is meant by magnetic moment.

In an experiment to determine M/H using a deflection

mignetometer inthe end on position the centre of the bar

magnet was placed 20 cms from the magnetometer compass.

Toe deflection was 18° and the length of the magnet is

10 cms. If H=0'18 C. G. 5S. unit caleulate the moment of the

bar magnet. Ans, 205°5



STATICAL ELECTRICITY

CHAPTER IV

FUNDAMENTAI, TITEORY

Art 20 When aglass rod is rubbed with silk it

acqtlires a peculiar propertv—it kas now the

power of attracting light bodies, such as small pieces of paper.

The same property is exhibited when an ebonite rod is rubhed

with flannel or with cat’s skin. According to modern ideas

all substances contain electrons or negatively charged particles.

Whenever two bodies are rubbed together some of the

electrons pass from one body to the other. The body which

now contains electrons in excess is negatively charged and

the other body in which thereis deficiency of electrons is

positively charged. Thus any two bodies when rubbed

together become charged by friction. In the case of a glass

rod rubbed with silk electrons pass from glass to silk. So the

glass rod becomes positively* charged and silk is negatively

charged. Inthe case of ebonite rubbed with flannel or cat's

skin reverse is the case. Electrons pass from the flannel (or

cat's skin) to the ebonite so that the ebonite rod and the

flannel (or cat's skin) acquire negative and positive charges

respectively. A charged body has the power of attracting

uncharged bodies. This is why light particles are attracted by

the glass rod or the ebonite rod when thev are rubbed

respectively with silk or flannel. Theoretically whenever any

two bodies are rubbed together both of them become charged

and therefore acquire the power of attracting uncharged

bodies. But the effect is marked in a few cases only.

When a positively charged glass rod is brought neara

light pith ball suspended by a fine silk thread itis found that

* If a glass rod be rubbed with flannel the glass becomes negatively

Charged and flannel positively charged.
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the pith ball is at first attracted by the glass rod. But as soon

as it touches the rod itis repelled and it flies awav from the

rod. This is because the uncharged pith ball is at first

attracted by the charged glass rod ;

but on touching the rod the pith \
ball shares some of the charges on \

the rod, 2. ¢. the pith ball also |

becomes positively charged. It is (+) ° +
then repelled by the glass rod If \
now a negatively charged ehonite Fig. 42 |

rod is brought near the positively charged pith ball attraction

again takes place- As the pith hall however touches the

ebonite rod the small amonnt of positive charge on the pith

ballis more than neutralised by the negative charge on the

rod so that the pith ball becomes negatively charged: it is

then immediately repelled bv the ebonite rod. Thus

(1) A body is charged by friction

(2) A charged body attracts an uncharged body

and (3) Like charges repel and unlike charges attract.

Art 21
Induction Ifan uncharged body B be brought near

a charged body A an opposite charge is

induced on the face of B near to A anda similar charge is

repelled as far off as possible, ¢. e. itis accumulated on the

opposite face of B.

The former is known

on -+- as bound charge and

~ A the latter free charge.

re Phe now moment-

; atily touched* by the
Fig. 43

hand, ¢.e. momentarily

connected tothe Earth the free charge—which is repelled

as far off as possible—passes onto the Earth. If A be now

* Jt is not necessary to touch B on the remote face. Kven if Bbe

touched on the face nearer to A the free charge passes on to the Harth

while the bound charge remains on the face of B.
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removed the bound charge on B becomes free and distributes

itself over the entire face of B. This is known as charging

by induction.

Insulators Substances may, generally speaking, be

and Conductors divided into two classes—conductors and

instlators. Substances through which charge may pass very

easily are known as conductors and substances through which

charge cannot pass are called insulators. Thus silk is an

insulator while copper is aconductor. All metals are good

conductors. Solutions of inorganic salts in water are also good

conductors. The best non-conductors (or insulators) are

ebonite, silk, sulphur, glass, shellac, paraffin, etc. Pure water

is s non-conductor; but water generally contains dissolved

substances which make water conducting. There is however

no sharp boundary line between conductors and insuletors.

There are substances which are neither good conductors nor

good insulators ; they are known as semi-conductors. Wood,

paper and cotton are examples of such semi-conductors,

Their conductivity depends upon the amount of moisture

present in them. When dry they are fairly good insulators,

But with a little of moisture they become conductors to some

extent,

A gold leaf electroscope usually consists

itt 22 f of a metal box with glass panes on the front

electroscope andatthe back. A metallicrod R carrying

two gold leaves at the lower end passes into

the box through a non-conducting stopper 8. At the upper

end a metallic plate P 1s attached tothe rod. If a positively

charged body B be brought near the plate P negative charge is

induced on P and free positive charge passes on to the

gold leaves: As both the leaves become similarly charged

they mutually repel and therefore diverge. If the plate be

momentarily touched by the hand the free positive charge on

the leaves passes on to the Earth and the leaves collapse. If

now the body B be taken off the negative charge on P becomes

free and spreads over the entire system. The leaves being now
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both negatively charged they diverge again. Thus by bringing a

positively charged body B the electroscope

is charged negatively and vice versa. 4

If an ehonite rod rubbed with flannel

be brought near the electroscope the Pp

leaves at once diverge showing the LT
existence of charge on the rod. If co TA

instead of the rod, the flannel be brought ~ R \
near the electroscope then also there is ee
divergence. But if both the rcd end the t/\an

flannel be brought together near the | ot
electroscope no divergence is produced. a i,
This proves that by friction equal and Ki. 44

Opposite charges are produced on the two bodies.

That equal and opposite charges are also produced by

induction was proved by Faraday by his ice-pail experiment.

On the plate B of an electroscope a metallic canis placed and

into the can a charged metallic ball suspended by a silk thread

is introduced. Asthe ball is gradually

lowered into the can the leaves begin to

diverge. Divergence becomes maximum

when the ball is well within the can.

The can is now momentarily touched by

Hie “TR the hand. The free charge on the leaves

= : goes away and the leaves collapse. There

| 3 remain now the inducing charge on the

+ fs + | ball and the induced charge on the can.

' | They are obviously of opposite signs.

To test whether they are also equal or

Fig. 45 not the metal ball is now made to touch

the can. If the two charges are exactly equal they neutralise

each other completely and the leaves show no divergence.

On the other hand if one of the charges be in excees there will

be some residual charge. Part of this charge will flow to the

leaves and there will be some divergence. When the experl-

ment is actually performed no divergence is observed in the
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leaves. Thus itis proved that the induced charge is equal

to the inducing charge.

If two charges Q1 and Qs be separated by a distance r

Q1Q2 .
. Art 23 | | each is acted on by a force ee? where k is

undamenta .

formuia a constant depending upon the nature Of the

medium in which the charges are placed and is

called the Specific Inductive Capacity (S. I. C.) of the medium.

If the two charges are like the force is of repulsion ; if they

are unlike the force is of attraction. In either case the magni-

tude of the force between the charges is given by the above

expression.

For air the S. I. Cis unity ; hence if the charges be placed

(102
in air the force between them is As in Magnetism

the nnit charge is therefore defined as follows :—

If two charges of equal strength are placed in air ata

distance of one cm. apart and if the force

Unit charge between them be one dyne then each of the

two charges is said to be 1 unit charge.

This is known as an electrostatic unit (K.S. unit) charge. There

is another unit known as electromagnetic unit (E.M.unit). The

practical unit of charge is a Coulumb (Vide Chap 1X).

One Coulomb=16-1 If. M. unit of charge, and one E. M. unit of

charge=3x10!° H, S. units of charge.

Hence one Coulomb=3 x 109 ki. S. units of charge.

The electric intensity at a point is defined to be the force

experienced by a unit positive charge placed

at that point.

Thus if we consider a point at a distance r froma charge

O01 ©
Othe electric intensity at the pointis given by F = 12

Electric intensity

—_-_
oneut

kr?

If the medium be air the intensity is ee It follows from

the above definition of the electric intensity that if a charge q

be placed ina field of intensity F the force on the charge

is gF.
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It is to be noted that the electric intensity is a vector

quantity, ¢. 6. it has both magnitude and direction. The magni-

tude is given by F= 2. and the direction is indicated by the

definition that it is the force experienced by a wnit posttive

charge. It is obvious that the force ona unit negative charge

is of equal magnitude but is directed in the opposite direction.

The electric intensity is also known as the strength of the

field or field strength ; the word ‘field’ alone often conveys

the same idea.

The electric potential of a body is the electric condition of

the body which determines the flow of

Potential electricity from or towards the body and is

measured by the work done in carrying a unit

positive charge from infinity up to the body.

The electric potential at any point is thus numerically

equal to the work done in carrying a unit positive charge

from infinitv up to the point.

The potential difference between two points is thus the

work done in carrying a unit positive charge from one point

to the other.

Hence the work done in carrying a charge O from one

point to another at a potential difference V is equal to QV.

If both QO and V are measured in EK. S units the work done is

obtained in ergs. Thus if an electron (charge = 4'80 x 107?°

E. S. unit) falls through a potential difference of one volt

( ou E.S unit ) work done= 4°80 x 107!" x 400 = 1°60 x 1077?

ergs. This energy is known as one electron volt. Atomic

energies are nowadavs measured in electron volts.

Art 24 Consider two points A and B very close to each

‘other on the X axis at distances a and 2+ dm from an arbitrary

° A 8B origin O. Let the potential

at A be V and that at B
Fig. 46
8. a9 be V+dV. The potential
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difference Vv, - V., =V-(V+dV)=-dV. This is equal to the

work done in carrying a unit positive charge from Bto A. If

F be the electric intensity at A* along X axis the force on a

unit charge is F ; and since the distance traversed is AB=da

we have Fdz= -dv.

or pa —7V (18)
ada

Equation (18) gives us the relation between the electric

intensity and the electric potential at a point. In this equa-

tion F measnres the intensity along X axis. If the actual

intensity be in any oblique direction the component along

. aV Ci, .
xX axis is le similarly the component along Y axis

is ~ and that along Z axis is -—.

It is to be remembered that unlike electric intensity

electric potential is a scalar quantitv 4#.¢. it has magnitude

but no direction.

Consider a point A on the X axis ata distance x from the

point charge Q. Then the intensity at A is Q
ka?

Q A t 6 = ave~- ° © 2
x dx ka

or aV= -~2. dx
Fig. 47 ko

. O O ,. VE - f oar+C=-_-- +O where C is the constant of
ka: ka

a

integration. Since the potential at infinitv is zero, ¢. 6. V=0

Q- If the mediumwhen w=, we have C=0. Hence V= be

beair V= Q
x

Fe ee me mm eRe rene eee Me ee tee te - ee me te er

* The distance AB(=dx) being infinitesimally small the electric

intensity at A may be supposed to be the same as at B or at any point

in between.
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N. B. (1) Throughout the remaining portion of the book

we shall always assume the medium to be air unless

otherwise stated.

(2) It should be noted that so far magnetism and statical

electricity are exactlv analogous to each other.

The capacity of a conductor is the charge necessary to

raise the potential of the conductor hy unity. ,

Hence if C be the capacity the charge QO necessary to

raise the potential to V units, is OV, 2.6, O=CV. |

If Oand V bein FE. S. units, C also is in EK. S. units. If however

both O and V be expressed in practical units © also is in practical uhits.

The practical unit of charge (QO) is a Coulomb, that of the potential /V)

is a volt and that of the capacity (C) isa Farad. ‘The following conver-

sion table should be remembered :—

One Volt=10° EK. M. units of KE. M. F.

One K.S. unit of EF. M. F.=3x10!9 KE. M. units of h. M. F,

= 300 Volts.

Also, one E. M. unit of capacity =9xX 10° FE, S. units of capacity.

One Farad=10-° K. M. units of capacity.

=9X1011 EK. S. units of capacity.

One micro-farad =10-§ Farad

=9X10° EF. S. units of capacity.

It is to be noted that the capacity of a conductor depends.

upon the shape and size of the conductor. It does not depend

on the material of which the conductor is made. Generally

speaking, the greater is the area exposed to air the greater is

the capacity of the conductor. The capacity of a conductor

also depends on the position of the conductor with respect to

other neighbouring conductors. It also depends on the specific

inductive capacity of the medium in which the conductor is

Placed. It will be proved later in Art 33 that the capacity of

a sphere is equal to its radius.

Students must not confuse the potential of a charged

conductor with the potential energy of a

pat eo charged conductor. The former simply means
energy the work that would be done in bringing a unit

positive charge from infinity to the conductor
t.@ work done in giving an additional unit charge to the
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conductor. The latter, however, means the work that has

already been spent in charging the conductor to the present

amount,

Consider a conductor at potential V, carrying a charge Q.

Let C be the capacity of the conductor. We suppose that the

total charge Q on the conductor is gradually built up by

successively bringing infinitesimal charges dq from infinity to

the conductor. At any stage during this process of charging let

the amount of charge on the conductor be gq and the potential

v. Then g=Cv. To bring the next instalment of charge dg

to the conductor, the work done=vdg |". v, the potential,

measures the work done in bringing a unit charge to the

conductor |.

.. The total work done (4. e. potential energy )

0

-Q -Q ‘
(?*= | vdg = | G7, oh. |

. Joo dq=% C sae (19)

And since Q=CV, this also=3CV*7=40V |
If two conductors at potentials Vi and V2 he electrically

connected charge flows from the conductor at higher poten-

tial to that at lower potential. It will now

Art 26 be shown that whatever be the values of V1

Loss ofenergy and Ve—in all cases there isa loss of energy

of the svstem. Only when V1i=Ve there is

neither any less nor any gain. Let Cy and Ce he the capacities

of the two conductors and Jet V be the final common

potential after the conductors are connected electrically.

Since the total charge on the two conductors remains the

same before and after electric connection, we have

CriV1+ CeoVe

~ Ci#Ce

But Original energy = $C1V12 + $CoVe2? = CiVi? + C2Ve"},

and final energy = $01V2 + $C2V? = 4,01 + C2) V?

(C1Vi + CeV2i? (C1Vi+CeV2)?

(atc)? Gta

CiVitCeV2=CiV4+CeV or V

= $(Ca+ Co),
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”, Decrease in energy

(C,Vi + CeV2)?
=4$(C, V1? + CeV2”) - $-- , Cyd C. —

Ce Os

C102 Vi — Vel?
Cy+ Ce

1 (Cr+ Cs) (Civi? “+ CeVe2") - (CiVi + CeV2)?

= }
=

tel

In this expression C1 and Ce are essentially positive
quantities and (Vi-V2)* being a perfect square, is lalso
positive. Hence there is always a loss of energy. |

It is to be seen that loss of energy vanishes when Vi1=V:2;

but in that case no flow of charge takes place even when the

conductors are electrically connected.

According to the principle of conservation of energy

energy can never be really lost. The energy which thus

appears to be lost reappears partly as heat in the connecting

wire and partly as heat, light and sound produced by the

sparking between the two conductors.

This loss of energy 1s inergs provided both C and V are

expressed in C. G. 5. units.

Three chargest+ 1U,-10 and +10 are placed at the three

corners of @ square of stde 5 cms. Find the potenizal and

entensity at the fourth corner.

BD? = BC? 4+ CD)? = 2.5"

A B ee BD=5,/y.

+10 - 1(10 y = 0 10 10

pd 6 § aw, 9

=2+9-,/ 2 6.G.S. units.

=4—-,/% C.G.S. units.

To find the intensity we

must consider the direction aswm
Cc

D +10 well. Thus the intensity at D is
10 2 10)

Fig. 48 (1) 52 B along AD (2) 52

102 1
z along CD and (3) p29’ 5 along DB. The resultant of
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. 2/9(1) and (2) is ral 2 along BD produced. Hence the

; . . 2/9 —resultant intensity at D is eal - C. G. S. unit along BD

produced.

Two spheres A and B of diameters 20 cms and 80 cms

respectively have charges 50 and 6V0 untts rsspectively. If they

are connected by a wire how much charge flows through the wire ?

Does the charge flow from A to B or from B to A ?

Nf Le

Fig. 49

The capacities of A and B are respectively equal to 10

and 15.

~

5Q 60
View e nnd Vi 45 = 4,

Since A is at a higher potential charge flows from A to B.

To find the final common potential V we apply the

following :—

Total charge before connection = total charge after connection.

110

25

.. Chargeon A=10* 44=44. Thus 50~-44=6 units of

charge flows through the wire.

50+60=—10V+4+15V or V= 4’4,

Aand B are two eonductors whose capactties are tn the ratto

2: 3. A receives a charge and shares tt with B. Compare the

total energy of A and B with that originally possessed by A.

Let the capacities of A and B be respectively 2C and 3C

and let Q be the charge received by A. If, after A shares the
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charge with B, tbe final common potential be V,

OT Lan _ 9
2CV+3CV=O0O OT Vera

2 QO?

Originally the energy of A= 4 =~ =~. Finally the energy
ZC 4C

Q? 3Q
= 4 ~ 72 _. ws =} . 2% me

of A=4%. 2C V 9AC and the energy of B=4. 3C. V BUC

_O 30% OF
Hence the total energy of A and B 950 + 500 1UC’

Q* OQ? 9

the required ratio= we/ 4G=5

Art 27 As in Magnetism the law that the force

inverse Square between two charges varies inversely as the

Law. square of the distance is known as Inverse

Square Law. The proof of the law is as follows :—

Cavendish’s Proof. It is obvious that the force between

two charges must depend onthe distance. We assume that

this force varies inverselv as »” power of the distance.

We shall see that experimental evidence supports the view

that p= 2.

Consider a hollow spherical
oo _N

va PN conductor with centre O charged

/ wn ISK ~ uniformly with positive surface

| . ye , density o. Let X be any point

Cra Ak | within the sphere. Through X draw

\ : 7: | two cones AXB and A’XB’ one
\ wif f tf cone being simply the extension of

<a “v the other beyond the vertex. Let
x z each of these cones be of a small

tig. 50 solid angle dU. Let the areas on the

sphere intercepted by these cones be AB and A’b’ at distances

rand 7’ from X. Join OA, OA’. Let LOAA’= LOA‘’A=a,

Through B and A’ draw BC and A‘C’ perpendicular sections

of the cones. Then each of the £*' ABC and B’A’C’ is also

equal to w (since the angle between two lines is equal to that

between their perpendiculars),
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Thus AB cos w= BC = 77g,

and A’B’ cos w= A‘C! =x’? dd

2 22

rat and AB =” O
cos Ww COS @

2

The charge on AB=cAB=~" ao
COs w

, Oe’?

and that on A’B’ =cA’p = — 29
COS W

os AB#=

.. Intensity at X due to charge on AB

or'ae d8
Tr? cos @. r?7*% cos w

=a along AX eee (a)

and intensity at X due to charge on A’B’

_ or? dd odf , mv
~~’? cos w r'P~2 cos w along A’X see (B)

In the figure r’ is > +.

Three cases now arise ;

(1) p > 2. In this case since r’ > 7, (a) is > (8), ¢. e. the

resultant intensity at X due to

charges on AB and A’B’ is direc-
_ — Z

ted along AX, t.e. along XA’ fo oS
[Fig 50]. Thus dividing the whole /

of the sphere into pairs of such ~
cones it is obvious that the oY

. « “
resultant intensity due to every “x /

One of such pairs is directed J

towards the left of the plane NU

YZ (drawn perp. to OX). Hence Y

the resultant intensity due to

charges on the entire sphere

is directed towards the centre O.

(2) p< 2. In this case (a)is < (Bf), t.e. the resultant

intensity due to charges on AB and A’B’ is directed along

A’X 2. e. along XA [ Fig 50]; arguing as before the resultant

intensity due to the total charge on the sphere is directed

away from the centre O.

E.M.5

Fig. 51
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(3) p=2. In this case (a)=(8). Hence the resultant

intensity at X vanishes.

Cavendish placed a conducting sphere S inside another

sphere S’ insulated from each other. S’ was charged positively

and was connected to S momen-

tarily by a wire- The two were

then disconnected. From the

preceding discussion it is obvious

that positive electricity \would

flow towards the centre and

hence S would be positively
charged if p > 2, positive eléctri-

city would flow away from the

centre and therefore 5 would be

negatively charged if p < 2; if however, p=2 there will be

no flow of electricity and hence 8 would remain uncharged.

In the actual experiment S was tested and was found to be

uncharged. Cavendish therefore concluded that p=2. Later,

Maxwell repeated the experiment aoe

With improved apparatus and t

came to the conclusion that the

difference in the value of p from 2,

I

21600°

The torsion balance may also

be used to prove the inverse

square law. It

Art 28 essentially consists

Torsion balance of 4 cylindrical

glass veSsel round

the side of which a scale is

graduated. A silver wire carrying

a horizontal insulating rod AB Pig. 53

(of shellac) is suspended from a torsion head which
can be rotated and the amount of rotation can be read off

from another circular scale at the top. A small pith ball is

attached to one end A of the insulating rod. Another

can hardly be greater than
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insulating rod CD carrying a second pith ball at the lower
end C, is placed in the vertical] position. The torsion head
is adjusted so that in the equilibrium position the two pith
balls are just in contact. The pith attached to the vertical
rod is now removed and taken outside; it is then given a
certain charge and is again placed in its own position at the
bottom of the vertical rod. When the other pith ball comes in
contact with this pith ball charge is shared by both of them

and repulsion takes

place. The rod AB

rotates and the

suspension wire is

twisted. Equili-

brium takes place

when couple due to torsion in the suspension wire balances

that due to electric repulsion. The torsion head is now

turned through an angle 8 in the opposite direction so that

the angular separation between the pith balls is reduced to a,

Then the torsion in the wire is a+. Let O be the centre

of the horizontal rod AB carrying the pith ball at its end A.

Then if C be the fixed ball LAOC=«e, Join OC, AC and

drop OM perp. to AC. Let F be the force of repulsion between

A and C; then the moment about O of this force=F. OM

=F. / cos 5 where 1=OA half the length of the horizontal

rod. And the couple due to torsion= “(e+ 8) where p is the

couple per unit twist.

“. Flos 3 mpatp) 3. Pa Mat B)
$ cos 2

2

“ F. AC#= BMa+B) (2 sin *)
i cos 3

E AC=9AM = 2) sin 3]

m= 4ul(a+ 8) sin > tan > oes eos (a)
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If inverse square law be true F will vary inversely as

AG? ¢. 6. F.AC® will remain constant. Hence from (a)

. Q

(@+) sin =
2,

head is rotated through different angles so that sets of values

of @and B are obtained. It is then shown experimentally

that for all sets,

tan > will remain constant. ‘The torsion head

‘

- a a
(a+) sin , tan “> =const

dnd sued

Thus Inverse Square Law is verified.

call ein Sm % ctan & |N.B, (1) If @ be small, sin a "9 =tan 5° In tbat

. a a ] .
case («+ 8) sin , tan = 4 (a+ B)a*; thus the approximate

relation (a+ B)a*=const. may be used.

(2) The torsion balance may also be used to verify inverse

square law in the case of magnetism. In that case the two

rods carrying the pith balls are replaced bv two magnets.

Repulsion tukes place between two similar poles which now

occupy the positions of the two charged pith balls. Otherwise

calculations are exactly identical.

Exercise IV

1. Three charges +10, +4, +4 are placed atthe three

corners A, B, Cofan equilateral triangle of side 2cms. Find

the potential and intensity at the middle point of BC.

Ans. 13°77 ; 3°33 away from A.

2. Explain the term electric potential. A charge of 5 units

is taken from a point at potential—15 to another at V. If the

work done thereby be 20, find V. Ans, 25

3. A spherical conductor of radius 5om and charged to a

potential cf 43 B.S units, is placed at a preat distance from

another of radius 8 em and charged to a potential of —-30 E. 98.

units. Calculate the potential at a point midway between the

centres of the spheres. Ans zero. C. U. 1932.
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4. Describe experiments which have establisbed the Inverse

Square Law of force between charged bodies. Give the theory.

Charges 1, 2 and —3 units are placed at the three corners

A, B and C of an equilateral triangle, taken in order. If the

length of each side of the triangle be 10 ems tind the foree, in

magnitude and direction, at the middle point of AB.

Ans. 0'057 making 45° with AB C. U. 1941.

5. Define the term potential as used in electrostatics.

Two spheres of radii 5 and 10 ems. respectively have equal

charges of 50 units each. They are then joined by a thin wire

so a8 to be able to share the charges between them. Calculate

the total energy of the conductors before and after sharing.

What becomes of the difference of energy ? C. U. 1944.

Ans, 375 ergs ; 333°3 ergs.

6. Define electric potential and electric intensity. What

is the relation between these quantities ?

A conductor of capacity 15 is raised to a potential of 40;

if is then connected to an uncharged sphere and the common

potential drops to 30. Find the diameter of the sphere. Find

also the loss of energy when the charge is shared.

Ans. 10 ems; 3000 ergs,

7. The radius of the Marth is 6400 Kilometres. Calculate

its capacity in microfarads. [One micro-farad=9 x 10° E. S.

units of capacity |. Ans, 711 mfd.

8. Two spheres of diameters 8 and 12 cms are respectively

charged with 24 and 60 units of charge. Find the loss of energy

when they are connected by a wire. Ans. 19'2 ergs.

9, Two spheres of diameters 6 and 10 ems placed at a

distsznoe from each other are charged respectively with 5 and

12 units of positive electricity. They are then connected by a

fine wire. Dees any spark pass ? Ifso, bow much energy is

dissipated ? Ans. 0°50 ergs. CG. U. 1949.

10. Two equal raindrops charged with equal quantities of

positive electricity are combined so as to form one large drop.

Compare the potentials before and after union. Compare also

$
the surface densities. Ans. 1: 2° andl: 23
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11. What is the inverse square law as applied to the force

due to an electric charge ?

Give an account of the experiments of Cavendish and

Maxwell to prove the validity of the inverse square law.

12. Find the kinetic energy acquired by an_ electron

(charge 4°77 X 107!° B.S. units) in falling through a P.D. of one

volt (x4, ES. unit) [This energy is known as one electron-volt]

If the mass of the electron be 8'9x10~78 gm, find \ the

velocity acquired. [This is known as the velocity of one volé).

Ans, 1°59 x 107? ergs ; 59°77 x 10° ems per sec.

(Hints. Kinetico energy=work done=4°77X107?° x abe

Kinetic energy is also=—3x 89x 107" x y*, Hence find v]

13. An electron starts from rest from & point on one con-

duotor and reaches a second conductor with a velocity of 10°

cms. per sec. Calculate the P. D. between these conductors in

volts. Which of them is at the higher potential ? Ans. 279°9

volts. The second conductor.

14. In an electron tube the two electrodes at a difference

of potential of 100 volts are 06 cms apart. How long would

an electron take, starting from rest at one electrode, to reach

the other ? Ans. 2°01 x 10~° seos.

C, U. Question,

1968, (New Course) (1) State and explain the inverse square

Law of force between two charged particles. Hence define the

unit of charge, also the dielectric constant of a medium.

A negatively charged pith ball weighing 0°1 gm is held in

equilibrium in space by a charged body at a distance of 2 coms

above it. Ifthe negative charge on the pith ball be —20

E. 8. U. what should be the amount of charge on the other

body ? Assume g=980 oms/sec?. Ans. 196 E.S.U.

(2) Write notes on “Gold leat electroscope. ”
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1964, Define electric potential and eleotrio field intensity.

A conducting plate is charged to a potential of 4000 volts, A

second metal plate charged to a potential of 1000 volts is brought

near the first to a distance of 10 cms. What is the field inten-

sity at any point between the plates ? Ans. 1 E.8.U.

1965 (T.Y.D) (1) State the law of force between two electrio

charges and describe briefly how this can be verified experimen-

tally.

The force of attraction between two charges of +80 and — 70

1.S.U. separated by a distance of 25 cms is found to be 4 dynes.

Find the dielectric constant of the medium. Ans 2°24

(2) Two conductors having different capacitances are

charged separately to different potentials. Deduce an expression

for the loss of energy when these two conductors are made to

share their charges.

A sphere of radius 5 cms and charged with 50 K.8. U. is

connected by a wire of negligible capacitance with another

sphere with the same charge but double the radius. Calculate

the loss of energy. Ans 41°7 ergs

1966. Define (a) electrio intensity and (b) difference of

potential. How are these quantites related ?



CHAPTER V

LINES OF FORCE, GAUSS'S THEOREM

AND ITS APPLICATIONS

Art. 29 An electric line of force is a line \such

Line of force. that at any point on it the electric intensity

is tangential to it. |

Thus in Fig 55, at points

pe 8 A, B,-*: on the line of force
“oA, . . . .Lo the intensity is tangential to

£0 “qv the line and is directed away
Fig. 55 from the positive charge,

If the potential be the same at all points on a surface the

surface is said to be equipotential.

As in Magnetism it can be similarly proved that two lines

of force cannot intersect each other and that a line of force

cuts an equipotential surface at right angles (Vide Art 6).

The surface of a conductor is always an equipotential

surface: for, otherwise, electricity would flow from points‘

at higher potential to those |

at lower potential. It follows me
that lines of force coming a |

out of a charged conductor cee |

are, at the start, perpendi- \ \
cular to the surface of i,
the conductor. Hence the py
intensity at any point close Fig, 56

toa charged conductor must be directed normally to the

surface.

Although the surface of a charged conductor is an

equipotential surface the distribution of charge over the entire

surface is generally not uniform. If the surface have different

curvatures at different points the concentration of charge 1°
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also different at different points. ‘The more curved a surface

is the greater is the concentration of charge there. Thus in

Fig 57 (a) charge is more concentrated at A than at B. This

is easily proved with the help of a proof plane*. The proof

plane is made to touch the conductor at A and is then

presented to a

gold leaf elec- ~~
troscope; the 8 A L Una

amount of diver- . ee

gence of the ee
leaves is noted. (a) Vig. 57 (2)

Next after discharging the proof plane it is again made to

touch the conductor at B. If it is now presented to the gold

leaf electroscope it is noticed that the divergence is now less.

This proves that charge is more concentrcted at A than at B.

If the surface at A becomes more and more curved

concentration of charge at A also becomes greater and greater.

Ultimately when the surface at A becomes pointed as in Fig.

57 (b) an interesting phenomenon occurs. It is obvious that

air molecules must alwavs be striking the surface of a charged

conductor and taking away charge from the conductor.

Generally speaking the removal of charge in this wav 1S So

slow that for a fairly long time a charged conductor retains its

charge. If however the conductor be pointed as in Fig 57 (0)

the concentration of charge at A is extremely large so that air

molecules coming in contact with the conductor at A take away

considerable amount of charge. Thus in a very short time

almost all the charge is taken away from the conductor and

the conductor becomes practically discharged in no time.

Thus a pointed conductor cannot retain its charge.

A collecting comb in an electrostatic machine [Vide Art 40]

depends for its action upon this property of a pointed con-

ductor. A group of pointed rods mutually connected with one

another is knowa as a collecting comb. Let us suppose that

* A proof plane is a small conductor (usually, a circular metal

piece) provided with an insulating handle.
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this is in metallic connection with a Leyden* jar L. If now a

charged body be brought near the collecting comb opposite

charge is induced on the
+ .

points and similar charge

+ passes on to the Leyden jar.

But charge on the points
+ 

,

dissipates away into air ip no

time and is attracted by\the

opposite chargeon the charged

body and ultimately the chatge

on the body is neutraliséd.

Thus the net result is that by

the action of the collecting

comb the charge on the charged body is transferred to the

Leyden jar L.

Fig, 58

The property of a pointed conductor has

Lightning also been ultilised in the case of a lightning
Conductor . . .

couductor. First suggested by Benjamin

Franklin in 1749 itis nothing but a pointed ]

metallic rod placed vertically over the top of a tall building.

The pointed end projects above the highest point of the

building and the rod is in metallic connection with the Earth.

During a thunderstorm clouds become heavily charged

and there is a chance of a lightning flash passing between a

cloud and a tall building. This chance is however minimised

by the presence of lightning conductors. The charge on the

cloud induces opposite charge on the lightning conductor

and similar charge passes on to the Earth. But the light.

ning conductor being pointed it cannot retain its charge. ‘The

induced charge on the lightning conductor is therefore quickly

dissipated away into air and is attracted towards the cloud.

Thus the charge on the cloud is diminished. Sometimes even

after this the cloud may still have sufficient charge so that a

flash may ultimately pass. But the lightning conductor being

nearest to the cloud the flash passes on to it and as itis
ooo _

t
ae ee

* What is a Leyden jar will be explained in Art 44.
+ There may he more than one pointed end ina lightning conductor.
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metallically connected to the Earth the charge passes on to

the Earth through the metallic connection andthe building

remains safe.

Lines of force coming out of a charge may

Art 31 be divided into a number of groups, each

Tube of force = sronp being called a tube of force. Obviously,

such grouping may be done ina variety of

ways. According to Faraday grouping is so made that Q tubes

. An
come out of a charge QO, where as, according to Maxwell, --~

tubes emanate from a charge Q.

Thus, Q Faraday Tubes: ae Maxwell tubes.

4
Or one Faraday tube= . Maxwell tuhes.

k

Throughout the remaining portion of this book when-

ever we shall speak of tubes of force we shall always mean

Faraday tubes.* We shall also use the expression © lines of

force’? when tubes of force are actually meant. Thus we

speak of 50 lines of force emanating out of a charge of + 50.

* It is be noted that in Magnetism Maxwell tubes are always

used instead of Faraday tubes [Vide Art 7)
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Lines of force start from positive charges and end on

negative charges. If we have two charges +10 and —6, ten

lines of force come out of the charge+10. Of these six

go to the charge~6 and the remaining four pass on to

infinitv. [Vide Fig. 59]

It is obvious that within a charged hollow conductor

there cannot be a line of force and hence there cannot be any

intensitv ; for otherwise, if a line of force exists joining

two points of the conductor some work will Se he he
done in moving a unit charge along this line from: one

end to the other, 7. e. there will he

sone difference of potential between

the end points. But this is impos-

sible, as all points of a conductor

are at the same potential.

Since there is no intensity

Hig. 60 within a hollow conductor , the

potential at all points throughout

the interior must necessarily be the same. “This potential

is the same as that of the conductor itself.

If we consider an elementary area E

aS of a surface placed a

Art 32 in an electric field and
Normal . . . J8 \9
induction if F be the electric |

intensity at dS, making f
/

an anele 9 with the normal then normal J

intensity is F cos 9 and normal induc-

tion over dS, is kK cos 8 dS where & is

the S. I. C. of the medium. The normal induction over an

entire surface may be found by integrating the above

expression.

Fig. 61

Gauss’s Statement, The total normal induction

Theorem over a closed surface is equalto 4z times the

charge inside the surface.

Proof. Let AB represent an elementary area dS of a

closed surface completely surrounding a charge Q at O. Let



Art 32 GAUSS’S THEOREM 77

D be the central point of AB. Then the intensity at dS

is 2. ti NiS 4 °Oa2 acting :

along OD produced. °
[Since AB is an

infinitesimal area

it is immaterial’

whether we take

OA or OD as the

distance of BAfrom

O]. If this makes

an angle ? with the Fig. 62
normal DN, the

normal induction over dS is

AB cos 8QO2 nos 6. ABKO, APCO8!

Pe oar cos? AB=Q. “as

Draw AC perptoOD, Then {BAC isalso @. Therefore

ABcos @=area AC. Hence

. : area AC
Normal induction over dS =Q.---=-,.7— =Qdw

OA?

where dw is the solid angle AOB subtended by AB at O.

Hence the total normal induction over the entire closed

surface = { O dw=Q xtotal solid angle subtended by the

closed surface at O= 470.

If there be two or more charges inside the surface the

normal induction over the surface, contributed by each of

these chaiges, is 4z times the corresponding charge ; hence

total normal induction due to all the charges is equal to 4z

times the sum of all the charges.

If there be any charge or charges outside the surface

they do not contribute towards the total normal induction

over the surface : for, if a cone with a small solid angle dw,

be drawn with one of the charges Q as the vertex, it will

in general meet the closed surface in two elementary areas,

The norma) inductions over these two areas will be equal,
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each being equal to Qdw but they will be of opposite signs,

for one will be directed

along the inward normal

and the other along the

outward normal. They

will therefore cancel

each other. Similarly,

the whole of the pair

being divided into\ pairs

Fig. 63 of such elementary areas,

the total normal induction over the entire surface: will

be zero.

If there be no charge within the surface the total normal

induction over the surface is zero.

Consider a sphere of radius a, charged uniformly with Q

units of charge. Ua ete,

Art 33 Let F be the a
Uniformly . ;

charged sphere intensity at A o ns

due to this : fo ~~
charge, A being a point out- : { rt \ :
side the sphere at a distance ~— | a
y from the centre O. With * \

No

centre O and radius equal to

OA (=r) describe a sphere.

From symmetry, the intensity

at every point on the sphere Fig. 64

is F directed normally to the sphere. Let us apply Gauss’s

theorem over the surface of this sphere. We have

Normal induction = kF x area=kF. 4zr’.

by Gauss’s Theorem, kF. 4zr?: : 4770.

%. at
yeaa aw *

. _Q,

B kr®
If the whole of the charge on the sphere be concentrated

at O, the intensity at A is also equal to “, [ Art 23 ].
r

Thus for any point outside the sphere the whole of the
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charge may be supposed to be concentrated at the centre. The

QO
potential at A is therefore equal to - —

Now, let the point approach the

sphere until it just reaches the surface

of the sphere. The distance of the point

A from the centre is now eqtal to the

radius of the sphere. The charge QO on

the sphere may still be supposed to Fig. 65

be cencentrated at the centre. Thus

) . .the potential at A is v=" » A now being a point on the

sphere the potential of the sphere is thus equal to “ - But

if C be the capacity of the sphere, Q=CV=C -, Thus Ca

i. e. the capacity of a sphere is equal to its radius.

N.B. Since, by Art 31 the potential at all points within

a hollow conductor is the same as that of the conductor the

potential at all points within the sphere is 2

Let an infinitely long cylinder be charged uniformly so

that charge per unti length of the cylinderis Q. Let P bea

Art 34 point (outside the cylinder ) at a distance r

Cylindrical from the axis of the cylinder. To find the

charge intensity at P we imagine a co-axial closed

cylinder of length L, passing

through P and apply Gatss’s

theorem over this cylinder. From

symmetry the intensity at all

points of the curved surface of this {

cylinder is F and is directed i

normally to the surface. The

normal induction over this curved

surface is therefore equal to

kF,27rl, The plane faces of this

cylinder do not contribute anything

towards the total normal induction Big 66

eon

=e
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because (from symmetry) intensity at any point on the plane

faces lies along the plane and the normal intensity is zero,

And since a length L of the charged cylinder is enclosed with-

in the imaginary closed cylinder the charge on this portion

. 2is OL, We have therefore kF.2zrL=—4zQL.. F: 2 (20)

Let S1 and Sz he two sections of a tube of force. Let

us apply Gauss’s theor m to
this portion of the \tube
bounded by S: and Se. Since
intensity is always tangential

Fig. 67 to the tube there is ‘no

component normal to the curved surface of the tube and

hence the normal induction over the curved surface is zero. If

Fi and Fe be the intensities at the faces Si and Se the normal

induction over these two sections = F2S2— F,Si the intensity

at Si being directed inwards, is taken to be negative. Since

there is no charge inside the tube FeSe - H1S1=0

FeSe = FiS2

If two sections 51 and Sz are equal, ¢, e. if the lines of force

are parallel, Fi=F 2, 2. e. the field is uniform.

Art 35 Let ab be an

Coulomb’s elementary area Ap~..P onTheorem. gt _
ds of a charged ot-.. vs

conductor and let P bea point aN
\

just outside the conductor and

close to ds. Let F be the intensity

at P. Imagine a closed

rectangular surface ABCI) such

that (1) P lies on AB (2) AB js Hig. 68
just outside and CD just inside the conductor; but each of
them is equal and parallel to ab (=dg), and (3) AD and BC

just enclose ds and are perpendicular to ds.
in applying Gauss's theorem over this closed surface we

notice that since there is no intensity within a conductor
(Vide Art 31), the portion aDCbd, being within the conductor,
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contributes nothing towards the total normal induction. Of

the remaining portions again since the intensitv near a

charged conductor is perpendicular to the surface (Vide

Art 29). there is no normal induction over Aa and Bb. Hence

we are left with only AB over which the normal induction is

obviously equal to kFds, If o be the surface density over ds,

the charge enclosed is ods. Hence

kFds=400ds .. Fe a

N. B. Since tubes of force diverge out as they recede

away from the conductor, the intensity at any consider-

47o¢
ko?

off inversely as the cross section of the tube of force (Vide

Art 34). If however in any special case the tubes of force

are all parallel the intensity even at a considerable distance

able distance from the conductor, is not equal to but falls

| 4no
from the conductor is equal to -°k ©

{[ Compare the case of a parallel plate condenser ; Art 48 ].

Let P be a point close to but p

just outside an elementary area ————_,
Q

ds of a charged con-

Art 36 auctor. Then the /
Electric Ane

Pressure intensity at P is k \
* being surface density over ds. \

This intensitv at P is partly due

to the charge on ds and partly Fig, 69

due to the charge on the remaining portion of the conductor.

If f and f’ be these two components we have

frp - Lee ve. (a)

If we now imagine a point Q close to ds but just inside

the conductor the intensity at Q due to charge on ds is

numerically equal tof but reversed in direction, ¢. e. equal to

~f+ but that due to charge on the remaining portion of the

E.M.6
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conductor, is practically the same as at P, #.e. equal to f/f’.

But Q being a point within the conductor we know that the

resultant intensity at O is zero. Hence

—-f+f'=0 ose ove (B)

from (a) and (0) f=/': ae.

Thus in the region in which ds is situated the inténsity

dne to charge on the remaining portion of the condt ctor,

. 270 
\is f= j - The charge ods on the elementary area ds, may

therefore be regarded as placed in the field f’. Hence ‘the

27g"
force on ds=charge X intensity = ds x f’ = ds.

k;

. 

_ Yr"

Thus the electric pressure or force per unit area is - k "

. . Axo 970" i f4ng\? EF?
ince Hh = the electric pressure mo ~- = ',. ko. mP k A k ) 8x

If a soap bubble be given a certain amount of charge there is ar,

outward electric pressure at every point of the surface; usu resnit the

bubble expands slightly.

An insulated soap bubble of radius 8 cms receives a charge of

40 B.S. units. Find apprea:mately the increase in radius due

to electric pressure. (Atm. Press.=1U° dynes per sg. cm. Term

containing surface tension may be neglected).

Since surface tension is to be neglected we may suppose

that initially the pressure inside the bulb=1 Atm = 10°, After

the charge is given to the bubble let the radius be increased

by asmall amount. Since Press x Vol= Const., if P be the

new pressure

8+

-3
= 1()° ) = 6 _ 3r(1+ | 10'(1 -)

Thus the new pressure P inside the bubble is less than the

10°xg%=P (B+7)> |” poy? Gn)
T
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. . 3 oeoutside atmospheric pressure by 10°—P=10° x . * This is

balanced by the electric pressure in the outward direction.

40 5
Now, surface density c= 4n82 7 som VETY approximately.

. 25 952 ao oe!Hlectric pressure 220 27 oye. 16x 39%

or 25 2 8x25 |
Hence 106°x-—& x 107°8 16x3ar' "3x 16x 39R

=4'14x107%em.

Art 37 We know that unlike charges attract and
Faraday's ; 5 .

Conception like charges repel. But what is the exact

mechanism. by which a charged body exerts

a force on another, although separated by some distance ?

According to Faraday tubes of force associated with a charged

€

Fig. 70

body are not imaginary but have got real existence in space.

In order to explain the action at a distance Faraday assumed

two properties of tubes of force, vtz. tubes of force are always

inastate of tension and (2) tubes of force exert lateral

Pressure on one another. If two charges are unlike several

tubes of force connect them and due to the tension of these

tubes the two charges are attracted towards each other. If

two charges are like no tube of force connects them ; but the

tubes of force from one of them exert lateral pressure on

those from the other. It is due to this lateral pressure that
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the two charges are separated from each other, ¢. e they

repel each other. [Vide Fig 70].

According to this idea the electric pressure over any

area of a charged conductor is due to the tension of the tube

of force emanating from the area, It follows

Tension of that the tension of a tube per untt area of cross

tube kF? :
sectton iS oa It can also be proved that the

lateral pressure exerted by a tube on another is also equal to

ke |
Sm °

If arubber tube be pulled at two ends the tube becomes

elongated and we say that the tube is in a state of tension.

Obviously stresses are setup in the tube and

ersy in a strain is produced. Ina similar way since

a tube of force is in a state of tension stresses

must necessarily be produced in the medium. Again just asa

rubber tube ina state of tension possesses potential energy

similarly there must also be energy in the medium when a

tube of force exists there.

If we suppose that the cross-section ds of a tube of force is

moved through a small distance $z against the tension of the

kK4
tube the work done thereby: : “Bar dsx 8a. This energy is

Gx stored up as energy in the space now

ds occupied by the tube of force. As the

volume of this space is dsx S$ the

. . kF?
energy per unit volume is

Fig. 71 8z

Leta line of force pass from one medium to another

art 38 of specific inductive capacities ki and ke

rt. respectively and let it make angles 61 and 6s
Refraction of . .
lines of force With the normal to the surface of separation.

Let Fiand Fe be the intensities in the two

media acting along the lines of force.
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Consider a small closed rectangular surface ABCD such

that (1) AB is in the

upper medium and

DC in the lower one

(2) AB and DC are

equal and are each

parallel to the surface

of separation (3) AD

and BC are infinite-

simally* small and

are perpendicular to

the surface of separa- Fig. 72

tion,

Since A and D are infinitely close to each other V ,may be

taken to be equal to v5 ; similarly V =v.

Vv. -V_=V_-V
A B D Cc

Since difference of potential is equal to intensity x distance

and since AB= DC, it follows that

intensity along AB= intensity along DC

Or Fi sin #i= Fe sin 02 vee (a)

¢. e. tangential component of the intensity is continuous (¢. e.

same in both the media).

Again, since there is no charge within ABCD, the total

normal induction over the surface is zero. AD and BC being

infinitely small normal] induction over them is also negligibly

small. Hence :

Normal induction over AB=Normal induction over DC

or kiF1 cos 61=keF2 cos 92 ves (b)

¢.¢é. normal component of induction is continuous.

Hence, dividing (a) by (bd), + -tan (= tan Qe

tan @: ok . . .
or ———- = -- ~ a const, for a given pair of media.

tan ke

* AB and DC are quite small but AD and BC are much smaller.
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Art 39 We shall now describe a few electric machines

whereby charge may be generated. All electric machines

generally depend upon the principle of induction, Electro-

phorus—one of the simplest of such machines—consists of

an ebonite plate P resting on a metallic dise

Electrophorus S known as sole. Another metallic disc C

known as cover is provided with an insulating

handle H. A metallic knob K is also attached to the cover C.
To use the instrument the ebonite plate P is vigorously ribbed

with cat’s skin so that negative charge is generated oh its

surface. The cover C is now placed

on P. As the ebonite plate is

rough contact takes place between P

and C at few points only. Wemay

++ + +r + therefore suppose that there is a
BIT err eres oy
5 ae snietisasnant “aa layer of air in-hetween P and C.

Hence by induction positive charge

Fig. 73 is generated on the lower face of C

and the free negative charge passes on to the upper face. If C

be momentarily touched with the hand the free negative charge

passes on to the Harth. The cover may now be taken off by the

insulating handle II. It is now positively charged and a spark

may be obtained from the knob K. The cover may again be

placed on P and the proceedure may be repeated so that

by once charging the ebonite plate by friction electric energy

may be obtained a number of times. The repeated supply of

electric energy is really obtained from the work done against

the attraction between positive and negative charges (on C

and LP respectively) when the cover C is raised from the

ebonite plate P. The negative charge on FP also induces

positive charge onthe upper surface of the sole S, the free

negative charge passing away to the Earth. This induced

positive charge on 5S keeps the negative charge on P bound:

dissipation of the negative charge (on P) is therefore

prevented. Thus the function of the sole S is simply

to prevent the charge on P from being dissipated away

into air.
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Although an electrophorus is satisfactory

so far as it goes it can never produce a large

amount of charge. To do this various

machines have been designed. In the Voss

machine there are two circular glass discs of equal* size placed

side by side in the vertical position. One of these is fixed and

the other can be rotated. A number of small tinfoils is pasted

Art. 40

Voss machine

at regular intervals on the revolving disc. These are known

as studs or carriers. Two fairly large tinfoils A and B are

pasted on the fixed disc. These are known as armatures.

Two bent metallic rods Ri and Re are connected respectively

to the armatures A and B; at the other ends they end in

metallic brushes Bi and Be which touch the carriers as they

pass. Another metallic rod RK fixed in position ends in two

metallic brushes Bs and Ba which also touch the studs as they

ate rotated. ‘T'wo collecting combs [Vide Art 29] C1 and Ce are

placed as shown in the diagram at small distances from the

* Inthe diagram one disc is shown to be of greater size; this is

done so that the diagram may be easily understood.
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studs: they are connected respectively to Leyden jars® Li

and Lz,

In the atmosphere due to the action of Sun's rays and for

various other reasons small amounts of charge are always

present, Let us suppose that one of the studs S is slightly

charged positively by this atmospheric electricitv. As the

disc is rotated in the direction of the arrow the stud S rotates

and when it comes under the brush Bz it becomes momen-

vr its
charge passes on to the armature. It retains however a very

tarily connected to the armature B and hence most

small amount of positive charge and when it comes near \the

collecting comb C2 its charge is collected hy the comb and

transferred to the Levden jar Le and the stud becomes

uncharged. In this uncharged condition the stud comes in

contact with the brush Bs. Due to the positive charge on the

armature B negative charge is induced on the stud and free

positive charge passes on to the opposite stud in contact with

Ba; this positivelv charged stud at Ba rotates and the same

action is repeated as before. As the disc is rotated the

negatively charged stud at Bs comes in contact with the brush

Bi and most of its negative charge passes on to the armature

A. The little negative charge remaining on the stud is

transferred to the Leyden jar Li by the collecting comb Ci. In

this uncharged condition it comes in contact with the brush

Ba and becomes positively charged as explained before.

Ultimately the studs in different positions are charged as

shown in the diagram. Every timea stud comes under the

brush B, another stud comes under the brush Bz. Positive

charge is induced on the former and negative charge on

the latter—and free negative and positive charges destroy

each other. Thus as different charged studs come near

the collecting combs more and more positive charge is

collected in Leyden jar Le and more and more negative

charge in Leyden jar Ly. The Leyden jars La and Ive

therefore become gradually heavily charged.

What is a Leyden jar will be explained in Art 44,
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In the Wimshurst machine also there are

Wancnce two equal circular glass discs. In this case
machine however both the discs can be rotated. But

they are so geared that they rotate in

Opposite directions. Equal number of tinfoils are pasted at

regular intervals on each of the two discs. ‘These are known

a e-

ey +

Fig. 75

as studs or carriers. Two metallic brushes B:i and Be attached

to the metallic rod Ri touch two opposite studs on one of the

discs and metallic brushes Bs and Ba attached to the metallic

rod Re touch two opposite studs on the other disc. As shown

in the diagram pairs of collecting combs C1 and Ce are placed

at small distances from the studs in the two discs. These are

connected to the Leyden jars La and Lz.

To understand the action of the machine we suppose that
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one of the studs—say, Si on the first disc is charged* with a

small amont of positive electricity. As the two discs are

rotated in the directions indicated by the arrows the stud S1

soon comes before the brush Be. The positive charge on the

stud induces negative charge on the opposite stud Se in

contact with Be and free positive charge passes on to the

remote stud S, (in contact with the brush Bi). Afterwards

when the stud 81 comes before the collecting comb \Cz its

positive charge is transferred to the Leyden jar Lg. tn this
uncharged condition the stud Si next comes in contact with

the brush Ba. At the same instant the studs Se and $3 on the

second disc previously charged by induction with negative and

positive charges, come in front of the brushes Bs and Ba.

Induction again takes place; positive charge is therefore

induced on the stud in contact with the brush Be and negative

charge on the stud in contact with the brush B,. Free negative

and positive charges moving along the rod Re destroy each

other. These studs on the first disc thus charged by induction

with positive and negative charges afterwards come in front

of the brushes Be and B1 respectively. Induction again takes

place on both sides of the rod Ri and free positive and

negative charges cancel each other. The negative charges on

the stud (before the brush Bi) is afterwards transferred to the

Leyden jar Li by the collecting comb Ci. Ultimately the studs

in different positions become charged as shown in the diagram.

By the collecting combs Ci negative charge is transferred to

J.1 and by the collecting combs Ce positive charge is collected

in Ls. The Leyden jars I.1and Le therefore gradually become

heavily charged with negative and positive electricity

respectively.

In the machines described in the previous

Art 42 articles charge is generated and multiplied by
Van de Graaff... . :
generator induction. PButina Van de Graaff generator

charge is rather collected than generated. G

is a large metal globe placed at some height on a suitable

This may be due to atmospheric electricity.
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insulating stand. A and B are two cylinders capable of

rotation round their respective +

axes. A band of silk or a
tubber or some other insulat- +

ing substance passes round

the cylinders so that when the +

cylinders are set into rotation I
the band revolves in the Tv +

direction indicated by the +» a
“ | aN !-4

aTrOW. C is a_ pointed GH of ;

metallic rod fixed in position + i

at a small distance from the ; + | ;

moving band. C is connected es ;

to a source of constant positive — ff

potential so that positive Le ,
charge comes to C. As how- "4 yo

| Aever C is pointed the charge

cannot reside there; it moves

away from the rod_ and

becomes attached to the band.

This charge moves upwards Fig. 76

along with the band. When the charge ultimately comes before

another pointed rod D connected to the globe itis immediately

transferred to the globe (by the action of the point at D). Thus

as the band rotates more and more positive charge is collected

onthe globe. By a suitable modification of the apparatus

another globe may simultaneously be charged with negative

electricity. The potential difference between the globes may

be extremely high. Van de Graaff used two globes 15 ft in

diameter placed on insulating towers 22 ft high and obtained

a potential difference of 5 million volts.

LWus

pe
mm

Exercise V

1. Two charges +120 and —60 are situated at points A and

B10 oms apart, Finda point on AB such that at this point
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the potential is zero. Is there any such second point on AB

produced ? Determine a few other points in the field at which

the potential is zero; hence draw the equipotential surface for

zero potential. Show that this is a sphere ; find its centre and

radius.

Ans. The points of zero potential are C in AB where AC=

6% oms and D in AB produced where AD=20 oms. Thp equi-

potential surface is the sphere drawn with CD as dislneter,

Centre O of this sphere is at a distance of 132: ems from A.,

2. Explain in general terms how the forces of attrdction

and of repulsion between charged conductors may be explained.

Obtain an expression for the tension of a tube of force.

3. Define potential and potential energy of a charged

conductor. Show that potential inside a hollow conductor ia

every where the same.

A metallic sphere of diameter 20 cms is charged with 60

units of electricity, Find the potential at a distance of (a) 5

oms. (b) 10 cms, and (c) 15 cms. from the centre.

Ans. (a) 6 (8) 6 (ce) 4.

4. Obtain an expression for the intensity at any point close

to a charged conductor. In what way does it vary at different

points near the conductor, when the conductor is irregular

in shape ?

5. A very long cylindrical conductor has a charge @ per

unit length. Show that the field at a distance d from the axis

; . 20) .of the cylinder is a? d being greater than the radius of the

cylinder.

§, Calculate the potential in electrostatic units to which a

spherical conductor of unit radius has to be raised in order

that the electrical pressure may be equal to the normal
atmospheric pressure, viz. 10° dynes per 8q. om. C. U. 1939

Ans. 5013 ©. G.S units.

7. Obtain an expression for the force per unit area of the
surface of a charged conductor.
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A soap bubble is given a charge so that the pressure inside

is the same as that outside. lind the amount of this charge if

the surface tension be S and the soap bubble be of 2 ems radius.

Ans 164/78

8. Ifthe radius and surface tension of a spherical soap

bubble be r and T respectively, show that the charge of electri-

sity required to expand the bubble to twice its linear

dimensions, would be 4n/xr(12T+7rP), where FP is atmos-

oheric pressure.

9, Show that in passing from one medium to another

lines of force are refracted. Deduce the law of this refraction,

C. U. Questions

1959. Show that the electric force close to a charged

surface ig normal to the surface and equal to 47° where © 1s the

surface density of charge.

1963. State aud prove Gauss’s theorem regarding normal

induction over a closed surface. Apply this theorem to show

that the capacity of a sphere is equal to its radius.

1962. (Three years’ course) (1) What is an equipotential

surface ? Prove that a line of force and an equipotential surface

must be mutually at right angles to each other. Show by

drawing, the nature of the lines of force and equipotential

surfaces around a charged spherical ball.

(2} State and prove Gauss’s theorem on total normal

induction. Hence show that the charges on a sphere practically

exert their influence at an external point in such a way that

they may be supposed to be concentrated at the centre.

1963, (Three years’ Course) (1) Show that the total normal

electric induction across @ closed surfsce in an electrostatic field

is equal to 47 times the total charge enclosed by the surface.

Henoe find the intensity due to an infinitely long charged

sylinder of radius r at @ point distant d(d > 1) from the axis

of the cylinder,
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(2) Write notes on (a) Equipotential surface (b) Van de

Graff generator.

1964 (1) (Three years course). Write short notes on (a)

Wimsburst machine (l) Van de Graaff generator.

(2) Derive an expression for the energy stored in a unit

volume of a dielectric medium placed in an electrostatio field.

1965 Apply Gauss’s theorem to find the intensity ‘of the

electrostatic field near a charged plane conductor.

1965 (Old regulation) Explain what is meant by| total
normal induction over a surface. State what relation this bears

to the total electrostatic charge enclosed by the surface. Find

the intensity at a poinf outside an isolated charged conducting

sphere at a distance r from the centre.

1966. State and prove Gauss theorem.

Deduce an expression for the outward force per cm

surface of & uniformly charged conductor.

1966 (special). State and prove Gauss’s theorem in electro-

tatics. Hence determine the magnitude of the electric intensity

at a point at a distance 7 from the axis of a uniformly charged

2 on the

infinite cylinder.

1966 (old regulation) Describe the action of an electrophorus

and explain why it is capable of supplying any amount of

electricity without appreciable loss of charge on the insulator

diso (cake).



CHAPTER VI

CONDENSERS

Let an insulated conductor A be connected to the positive’

terminal of an electric
. A 6

Art 43 machine. Charge flows
Theory ofa
condenser to A from the machine

until A acquires the

same potential as that of the machine.

Jf now another conductor B—earth

connected—be brought near A a

negative charge is induced on B. This

negative charge on B reduces the |

potential of A so that a fresh supply

of charge comes to A from the machine. Machine Eeuith

This again induces a greater amount

of negative charge on B. This in its Fig. 77

turn further reduces the potential of A, and so on. Finally

a fairly large amount of charge accumulates on A.

A pair of such conductors separated by a nonconducting

medium (known as dielectric) constitutes a condenser.

Electricity is thus apparently condensed in A; hence the name

coudenser.

If the conductors A and B are parallel plates separated

by a dielectric the condenser is said to be a parallel plate

condenser ; if they are concentric spheres the condenser is

called a spherical condenser and finally if they are co-axial

cylinders the combination is known as a_ cylindrical

condenser.

If B be not earthed negative charge is induced on the face

* If the conductor be connected to the negative terminal, negative

Charge comes io A. This induces positive charge on B and the argu-

nents still hold good as in the article.
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of B nearer to A but free positive charge instead of passing

away to earth remains on the other face of B. This positive

charge counterbalances to a great extent the effect of the

induced negative charge in lowering the potential of A.

Thus the potential of A is not so effectively lowered and

therefore the accumulation of charge on A is not so large as

when 3B is carthed. |

The capacity of a condenser is given by the usual relation

C= ‘ where Q is the charge on the conductor (called positive

plate) connected to the machine and V is the difference of

potential between the conductors. If the second plate (called

negative plate) be earth-connected V simply means the

potential of the first one.

2

The energy of a condenser=4QV = 8 =40V’.

The proof is exactly the same as in the case of a single

conductor. [ Vide Art 25 ].

Leyden jar is a practical form of a conden-

ser. It consists of a glass vessel coated inside

and outside with tinfoils Pi, Pe. These two

tinfoils act as the two plates of a condenser and glass is the

dielectric between the two plates. A

metallic rod R passes through an

insulating stopper at the mouth of theAj jar. Atthe upper end the rod ends
9

Art 44

Leyden Jar

in a metallic knob K and at the lower

end a metallic chain is attached ; this

| chain is in contact with inner tinfoil.

mt 3 To charge the Leyden jar it is held

A o J by the hand and the knob is made
“— — to touch the machine. Thus the inner

Fig. 78 coating is connected to the machine

(through the knob) and the outer coating to the Earth (through

the hand). Leyden jar is thus charged.

To discharge the Leyden jar a pair of discharging tongs 15

,
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used. It consists of two mutually connected bent rods Ri

and Re attached to an insulating handle H. The knobs at the

ends of the rods are made to touch—one to the outer coating

and the other to the knob connected to the

inner coating of the Leyden jar. Thus the

outer coating is connected to the inner coating

through the discharging tongs and _ the

condenser is discharged.

There is another process—a slow process,

hy which also a condenser may be discharged.

Suppose one of the plates A of the condenser

has a positive charge amounting to 100

units. This induces negative charge on the

other plate B. Now the induced charge is equal Fig. 79

to the inducing charge only when B compietely surrounds A.

'n this case since EB does not completely surround A the

amount of negative charge on B will be somewhat less. Let

us suppose that the charge induced on B is 98 units. Positive

and negative charges on A and Bb, by their mntual attraction,

venerally tend to bind each other. In this case since none

of A and B completely surrounds

the other, charge on one of them

binds somewhat smaller amount of

charge (of opposite sign) on the

other. The negative charge -98

units on 3B is of course bound

by +100 units on A. But the entire amount of +100 units on A

cannot be bound by —98 units on B. Let us suppose that+ 96

units are bound. ‘Thus +4 units of charge on A are not

bound—they are free. If we therefore touch A these free +4

units pass on tothe Karth. As soon as the charge on A is

reduced to +96 units the entire amount of ~98 units on

Bis no longer bound. If —94 units are now bound ~-4 units

are free. If we pow touch B this —4 units pass on to the

arth. With the reduction of the charge on B some charge

again becomes free on A. Thus by alternately touching A

and B the condenser may be slowly but steadily discharged.

E.M.7 >

- 100

= C} Fa
af,

Fig. 80
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Art 45 Let us consider the charging of a condenser

Displacement a little more in detail. In the circuit shown

in Fig 81 when the kev K is closed positive

charge begins to flow from the battery to the plate Pi of the

condenser in which air or some other substance is the

dielectric between the plates. This induces negative charge

on P2 and free positive charge flows back to the battery.

This goes on until the condenser is fully charged, Thus

there is a temporary current in the wires connect ps the
condenser to the battery. Apparently there is no current

through the dielectric between the plates of the condenser

1. e. there is a discontinuity in the space

Pal (Py between the plates. Maxwell however

( 1 supposed that here also there is no

discontinuity. According to modern

ideas every atom consists of a positively

charged nucleus surrounded by 4 number

[3 of rotating electrons. Thus every

K molecule consisting of two or more

atoms of a substance contains both

Fig. 81 positive and negative charges and these

charges are eqtial in amount so that as

a whole the molecule is neutral. In the case of a conducting

substance some of the electrons at least are loosely bound

with the nucleus so that by the application of an electric field

they become detached and begin to move. In fact it is the

movement of these free electrons that constitutes the current

in aconductor. In the case of atoms in a dielectric however

the electrons are not so loosely bound to the nucleus

and ordinarily they cannot be detached from the nucleus.

Nevertheless by the action of an electric field positive and

negative charges in a molecule are somewhat displaced within

the molecule relative to each other. Each molecule is then

a dipole or an electric doublet. An electric doublet is exactly

analogous to a small magnet (or a magnetic doublet) with two

poles at the two ends. If J is the distance separating the

effective charges +q and -gq the electric moment of the

B
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doublet is ql. At any neighbouring point it produces an

electric potential and an electric field exactly in the same

way aS a small magnet produces a magnetic potential and a

magnetic field at any external point. Thus as the plates P1

and Pe become gradually charged there is a displacement of

charges within the molecules of the dielectric. This is

equivalent to a current known as displacement current.

In the case of some dielectrics, however, even without any

external electric field the electric charges within the molecules

are so permanently displaced that each molecule is in reality

a permanent dipole: such molecules are known as polar

molecules. In the case of other dielectrics there is no such

permanent displacement of charges within the molecules.

Molecules in this case are called non-polar molecules. When

a dielectric with non-polar molecules is placed in an electric

field the molecules become dipoles as explained earlier. Ina

dielectric With polar molecules with no external electric field

the dipoles. 2.6. the molecules of the dielectric are so oriented

at random that the resultant electric effect in any direction

is nil. When an electric field is applied the dipoles are

gradually alignedTM® in the direction of the electric field, the

degree of alignment depending on the strength of the electric

field. The electric moment of each molecule may also be

affected by the external electric field:

A dielectric placed in an electric field is analogous to a

magnetic substance placed in a magnetic field. As we shall

seein Art 138 the magnetic moment per unit volume of the

magnetic substance is known as Intensity of Magnetisation.

Jn a similar way the total electric moment (of the doublets)

per unit volume of the dielectric is called Polartsatton.

In one form of Leyden jar the different

Art 46 parts can be separated from one another.
Lever te Thus in Fig 82 Pi and Pe are the two metallic

plates separated by glass. In the usual way

* This is exactly analogous to the orientation of attms in a

magnetic field (Vide Art 142).
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by holding Pe with the hand and by connecting the knob K

to the machine the condenser is

charged. P1 and Pe are now

separated with the help of an

insulating handle and are tested by

a gold leaf electroscope ; they are

, found not to possess any charge.

; On the other hand the glass when

| tested is found to be vrorgea
eres They are again re-assembled so

as to from the original condenser ;

aspark may now be obtained by

connecting the plates Pi and lz. This shows that charge lies

not on the plates but in the dielectric.

The energy of the condenser is due to the

Strain caused in the dielectric by the electric

field. When the two plates of a charged

condenser are connected a spark is obtained and the strain is

removed. Jt is however found that after a spark has been

obtained from a charged condenser a second (and possibly, a

third) spark may also be obtained before charging the

condenser again. This shows that strain is not removed

completely by once discharging the condenser. There remains

a residual strain in the medium, #. ¢. a residual charge on the

condenser. This corresponds to residual magnetism in

magnetic substances. [ Vide Art 139 ]

Art. 47 We now consider the effect of joining

condensers in parallel and also in series.

Let Ci, Ce, Cs be the capacities of three condensers in

Condensers in parallel; one set of plates of these condensers

parallel is connected to the machine and the other

set to the Earth. Let Q: Oe, Os be the charges on the positive

plates of the three condensers. Since the condensers are if

parallel the potential difference V is the same in all of

them. Thus Q:1=CiV, Qa=CeV and O3 =CsV.

Now let us replace these condensers by a single condenser

of capacity C so that conditions remain the same, ¢. ¢ the

Fig, $2

Residual

charge
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positive plate receives the total charge Q1+Q2+Qs and the

difference of potential between the plates, is V.

7
_Z a+ii-

Pr

EarthMachine NN Ta

Wh

GS

Machine Earth
Fig. 83

Then QitQ2ot+tQOs=CV

or CiVtCeV+CsV=CV.

Ci+Co+Cs=C vee (21)

Let Ci Ce Cs be the capacities of three condensers

connected in series. Let the positive plate
Condensers in .

series of the first condenser receive a charge Q

from the machine. ‘This induces —Q on the

next plate and the free positive charge Q passes on to the

positive plate of the second condenser and so on. If the last

plate be connected to the Earth the final free positive charge

© passes on to the earth. Let Vi, V2, Vs be the differences of

potential between the plates in the three condensers.

<A AF
Machine C, Cc. Cs Earth

———
Machine m Earth

Fig. 84

Then obviously, the potential of the machine is Vit+V2tVs

and O=O1V1 = C2V2TMCsVs oe (a)
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As before let us replace the three condensers by a single

one of capacity C so that conditions remain the same, 4. e,

the positive plate receives the charge QO and the difference

of potential is equal to that hetween the first plate of the

first condenser and the last plate of the last condenser, ¢. e.

equal to Vi+ V2+t Vs.

.. Q=C(Vi + V2+ Vs)

eof 24,2, 2 \og + at S) fom (a}

1414

C7G Th * G ~ _ (22)
N. B, It should be noted that these results are just the

reverse of those for resistances in series and resistances in

parallel { Vide Art 67 |.

Art 48 Consider a condenser consisting of two

P araiter Plate parallel plates charged with opposite kinds

of electricity. In this case lines of force

betweeu the two plates are

sa = parallel. The intensity at all

(| h 4 }} _ points between the plates is
- constant and is equal to

Aro
Fig. 85 -by Coulomb’s Theorem

k

(Art 35), where o is the surface density of the positive plate

and kis the 8. I. C. of the dielectric. Hence if a unit positive

charge be moved from the negative plate to the positive

. 4; .work done=Intensity x distance = 7d where ad is the

distance between the plates; by definition the work done is

equal to the difference of potential V between the plates.

Thus V= Or de

But the charge Q on the positive plate=As, where A is

the area of the plate.

. Q k kAee Cc me -- ms AQ ---——- =
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If the medium be air the capacity is given by

A
C= And ves (23a)

From (23) and (23a) it is evident that in the case of a

parallel plate condenser the capacity is increased k times

when the medium air between the plates is replaced by some

dielectric whose §S. I. C. is k. This is true for all kinds of

condensers. The specific inductive capacity of a substance

may therefore be defined* as follows :—

The specific inductive capacity of a substance is the ratio

of the capacity of a condenser where the substance is the

dielectric to the capacity of an identical condenser where air

is the dielectric

In the preceding discussion we have assumed that the

lines of force between the two plates are parallel. This is

certainly true near the central portion of the
Guard-ring ;
Condenser plates. But near the edge lines of force are

bent (due to repulsion of the neighbouring

lines of force, which lie on one side only—see Fig. 85), To

avoid this difficulty the positive plate Pi is made circular

and is surrounded by another concentric plate Pe of the shape

of aring (Vide Fig. 86). This ring—or guard ring, as it is

called—is also maintained at the same potential as the central

plate. The negative plate Ps covers the total area below Pi

and Pe. The lines of force from P1 are now very nearly

parallel even near the edge because they are now pressed

from both sides by neighbouripg lines of force. Such a

Pe P, Py

( TMD
P,

Fig. 86
ee ees tet OO Wetmore 0 ieirmemet om meee

* Compare the definition piven in Art. 28,
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condenser is known as a guard-ring condenser. The capacity

, kA.
of this condenser jis also And but A now represents the area

of the central plate Pi only.

More accurately, A represents the area of the plate Pi plus

half the area of the annular opening between Fi and Pz.

In the formula for the capacity A represents the area of

the over-lapping portion of the Dials If

Pitan one plate be slided or ex-centrically otated

in its own plane, keeping the other : plate

fixed, the area of the over-lapping portion is diminished and

therefore the capacity of the condenser is also correspondingly

diminished. The capacity of a condenser can also be adjusted

by movizrg one of the plates parallel to itself. The distance

between the plates is in this case altered and the capacity is

also correspondingly changed. A condenser whose capacity

can be varied by anv of these means is called a variable

condenser.

Art 49 In article 48 the entire space was supposed

Condenser with to be filled with a dielectric of S.I.C. k. Let
compound ;

dieiectric is now suppose that the spaceis partly fillec

with a dielectric slab (S. I. C. =) of thickness ¢, the remaining

portion being filled with air. If the total distance hetween the

plates be d, thickness of the air portion is d@-t. The intensity

within the dielectric is y end that within air is 4z7. Hence

Difference of potential V

= Work done in carrying a unit positive charge fron

the negative plate to the positive one

~
'

d

QQ

‘

4

W

Fig. 87
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= o t +470 (d—-t)

= 4to Ja-i+,}

As before, the charge on the positive plate Q= As

e cae... A _

an} k

N.B. (1) Since & is usually much Jarger than unity, the

~ ee (24

capacity is increased by the introduction of the dielectric slab.

(2) It is to be noted that a dielectric slab of thickness ¢

’

is equivalent to air of thickness k: Hence in the preced-

. . . . t .
ing case the total equivalent air thickness=d—-t+ a This

therefore takes the place of d in (23a).

In the preceding section the dielectric slab was supposed

to cover the entire area of the plates. Let us now suppose

that the dieletric is introduced partly between the two plates.

In this case we have reallv two condensers connected in

parallel. If A1 be the area of the plate covered by the

dielectric and Az the area of the remaining portion of the

- . Ay
plate the capacities of the two portions are 

;

4red-tt+ .’ d k \
and Ae Hence the resultant capacity€ 4rd e c ape .

=- Aa yA
An d-t+ : t 4zxa

A
2
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Art 50 Let us now compare the energies of a
Energy ofa . .
condenser parallel plate condenser whenlthe medium is

entirely air and when a dielectric slab is

introduced between the plates. Wesuppose that the medium

is first of all entirely air, the condenser is charged by a

machine and then the dielectric slab is introduced between the

plates. Two cases now arise—when we introduce the slab,

do we keep the condenser connected to the machine orseparate

it from the machine ? If we separate it the charge bn the
condenser is kept constant. Since the capacity C increases by

the introduction of the slab and since O=CV, the potential V

must necessarily diminish. On the other hand if we keep the

condenser connected to the machine the potential of the

positive plate remains constant ¢. e. continues to be the same

as that of the machine ; in this case, by the introduction of the

slab C increases and hence Q also must increase ¢, ¢, more

charge comes from the machine to the plate. We shall discuss

these two cases by using different expressions for the energy

in the two cases.

Case I. Charge remains constant,

QO? . . . .
Energy = 4 ( . Since C increases with the introduction of

the dielectric slab the energy decreases.

Case II, Potential remains constant.

Energy =$ CV*, Inthis case energy obviously increases

with the introduction of the dielectric slab.

Force on the Now itis a well-known law in mechanics

dielectric slab that the potential energy of a system always

tends to diminish. Hence when charge

remains constant, since by the introduction of the slab energy

diminishes electric forces tend to pull the slab in between the

plates. On the other hand when potential remains constant,

since the energy increases by the introduction of the slab,

electric forces tend to push the slab out of the plates.

[ For the attraction between the plates, Vide Art 55 ]
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Art 51 Let A and B be two concentric spheres of

Spherical radii a and 0b respectively. Let the inner
Condenser .

sphere A receive a charge Q and let the outer

sphere Bébe connected to the Earth.

Ist Method

In the space between the two spheres let P be a point at

a distance r from the common centre O. The point P being

within B, the intensity at P is due tothe charge on A alone

and is therefore equal to 2», k being the S. 1. C of the

Q
medium between the spheres. Hence - dr” ker { From

equation (18) Page 54 ]

ave-% a
kr? ”

a

rf -§ QO dr=- tly,

QOf/i 1)\ Q6-a
“aha bj) k ab

Q _ kab
“C= yar G
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Second Method

If O be the charge on A the induced charge on Bis -Q

since all the QO lines of force coming out of A, meet B.

The potential V (of A)

_o 1 _ oY
kha kb

(due to its own charge) (due to the charge on B)

(Vide Art 83) (Vide Art 38 Note)

b-a
=m() ----

, kab
Q kab

The cz ity Ce —~- = ose _ 25)capacity Vy “ba (25)

; ; , ab
If the medium be air C: bea aes (25a)

The entire space between the two spheres has so long

been supposed to be filled up by a dielectric of S.1.C. k. Let

us now suppose that between the two spheres there is a

concentric dielectric spherical shell of inner and outer radii 71

and re, the remaining portion being air. Ata distance 7 from

the centre intensity within air and that within the

QO
dielectri er?
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nay os dV QO, oO
“. Within air —~ =-=) J. dV=--S dr

dr 7 7

wats ; -daV iQ. O
and within the dielectric dr kp? av = ~ pyaar.

Hence potential difference between the two spheres

2 v1 a

. Q _ Q f QOvei f - art f ~aare f - Sar
b T2 "1
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"On Q _ k ab rire

V krireb — a) — (k — 1)ab(r2 — 11) a (26)

It is to be noticed that in the above expression if we put k=1, te. if

the dielectric shell be replaced by air the above expression becomes
identical with (25a).

Let us now suppose that the

inner sphere A is connected to the

Earth. Let the outer

Art 52 sphere B receive a charge

sphere Q. In this case the

earthed induced charge on A is

not equal to -Q; for

only a fraction of the lines of force

from B passes inwards and reaches

A; other lines proceed outwards

and pass on to infinity. Let O' be

the induced charge on A. Let the medium between the

spheres be air.

Then the potential of A

_@ . Q
a b

(due to the charge on A) (due to the charge on B)

(Vide Art 83) (Vide Art 88 Note)

But since A is earthed its potential is zero.

. QQ Ola -o 4vO + b 0 .. QE-O0 b

Hence finally the potential V of B is given by

b 6

(due to charge on A) (due to charge on B)

-w-7%,2 QOf,_ a b-oaQv2 + b = b I f)-o b2

we OF bes ove (27)
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Art 53 Let A and BR be two co-axial cylinders of ;

Cylindrical radii a and b respectively. Let the outer
Condenser

cylinder B be connected to the earth. Let P

be a point between the cylinders

at a distance r from the common G& A | i

axis. If Q be the charge per unii | '
iength on A the intensity at P= |

20) ! 1 - |P
le [Vide Art 34],& being the | . ere de

S. I. C. of the medium between vn Sn

the two cylinders. ’ ‘

Pp bethany
| aV_ _ 2Q |

ar kr | |

20 arth

or dV = — dr. Fig. 93

a a

af 29, 20 20, 8. WV f ke dr i toe |, i loge 1

b

e QO k ,
e6?¢ C = a

2log, . aes aoe (28)

Since O is the charge per unit length, the above expression

gives us Ihe eapacity of the condenser per unit length. For

a length | of the cylinders the capacity

kl

otog. 2 . (28a)

a

A submarine cable is a_ practical example of the

cylindrical condenser. The inner core—a conductor—takes

the place of A. Theinner core is covered by some non-

conducting material which represents the space between

A and B. The sea water which surrounds the insulating

coating serves the purpose of the Itarth-connected cylinder

B. Thus a and b in equation (28a) are the inner and onter

radii of the insulating coating of the submarine cable.
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In the preceding articles if numerical values in OC. G.S.

Art 54 units are substituted in the expressions for

Numerical the capacity, the capacity is obtained in

example Electrostatic units (K. S. units) To convert

this to the practical unit, viz., Farad, the following table

should be remembered :—

One Farad = 107° Electromagnetic units

( Is, M. units ) of capacity.

One Jt. M. unit of capacity.

=)" KH, §. units of capacity.

where v= velocity of light

=%$xX10'" cins per sec.

One Farad = 107° x9 x ju”” B.S, units

=9x10"1, S. units of capacity.

A Farad is bowever too large a unit for ordinary purposes;

a micro-farad (=1U"° Farad } 15 therefore generally used as

the practical unit.

One micro-farad = 9 10" I. S. units of capacity.

Problems

The conductor wethin u submarine cable rs of dtameter &0 mm

If the diameter of the yuttapercha coateny be 100 mm find the

capactly of a cable 1000 meters long. (S. I. C. of guttapercha=

4,2),

Here the inner radius a=40 mm=4 cm.

the outer radius b=50 mm=5 cm,

from (28a)

o£ 2% 1000 100 B10,

2 log. 3 login 3.25 X log. 10

271 x 10” San es
= 969 x 9°35 7474 10° B.S. units

7474x110" 0,
= 9% 19° = ()'83 micro-farads.

A parallel plate conienser is made up of 2] circular metal

plates each of diameter 10 cms, separated by sheets of mtca of di-

electric constant 6 and thickness O'2.mm. Calculate its capacity

wn micro-farads if alternate plates are connected together.
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Here there are 20 condensers in parallel for each of

which

A=7z.5", d= 02 mm =0'02 ems and k=6

from (23)

2X BX TX 5? -
Sn rn y'U2 = 37900 1. S. units

37 OM

Ox 10"

= (042 inicro-farads.

“

micro-farads

Exercise VI

tL. What is a condenser and why is it so called ?

Obtain an expression for the enapacity of a parallel plate

condenser, Is the expression quite accurate ? If not explain

‘he reason why itis insecursie, What modified arrangement

a5 been wade fo remove the inascuracy ?

A condenser consists of two circular parallel plates of dia-

metor 20 ems and 0'5 mm apart in air. If the plates are at a

difference of potential of 300 volts calculate the charge on the

sondenser. [| 1 Volt=.), E.S. units of P. D. |]

_ ot 10?

42x ‘05

..Q=CV=500 EL. S. unit.

9. What is a guard ring condenser? Why is it used

Tlints :— C = 500 and V=300 volis=1 E.8. unit.

n9tead of au ordinary condenser ?

A dielectric of thickness ¢ and of S. I. C. &k is inserted

nebweon the plates of a parallel plite condenser. If the distance

‘-etween the plates ba d@ find through what distanoe must one of

the plates be moved so that the capacity of the condenser

t
remains unchanged. Ans. ¢— k

3. What is meant by the capacity of a condenser ?

A parallel plate condenser is made up of 51 plates (each of

size 8 em * 5 om.) separated by sheets of mica of 5. 1.C. 6 and

vhiokness 0'°2 mm. If the alternate plates are connected together

K.M.8
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calculate the oapacity of the condenser in microfarads. [one

microfarad==9 x 10° E. S. units of capacity.] Ans. 0'053 mfx

4. <A condenser consists of YUL cireular sheets of tinfoiis

separated by mica of 8. I. C. 6 and thickness 0'5 mm, alternate

plates being connected together. If the capacity of the condenser

bs U'4 miercfurad, tind the radius of the tinfoils. Ans. 775 ems.

5. A parallel plate condenser of one micro farad capacity is

to bs constructed, using paper sheets cf (08 mm thickness ius

the dielectric. Find how many sheets of circular metal\foils r{

Giameter 20 oms will be needed for the purpose. Dielectric
constant for paper is 4°0. Ans 4b,

6. Find an expression for the potential energy of an in-

sulated charged conductor.

Two circular plates of a parallel plate condenser, each co!

diameter li} oms., are at & distance of S mm apart. The plates

are charged to a P. D. of 10: after disconnecting from thie

source of P. ID, a glass slab 8 mm thick is introduced between.

the plates. Calculate the loss of er ergy produced by the intro.

duction of the glass slab. Find also the final capacity of the

conderser and the potential difference between the plate:

(S. I. C. of giass=6). Ans. 2034 ergs ; 16°38 5 4°74.

7. A charged oil drop cf radius O'UUU13 om is prevented

from fallin, under gravity by the vertical electric teld betweer

two horizontal plates charged to a difference of potential c/

S30U volts. The distance between the plates is 16 oms and the

density of oil is O92 gm per o.c, Calculate the magnitude cf

the charge on the drop. (One E. 8S. unit of P. D.=3800 volts

and one coulomb=3 x 1U” EL. S. units of charge). Ans. 4°60 *

107?9 ES. unit =1'60 x 107!” eoulombs.

£300

“4
uy 27°7 1.5. unit. Hence upward forceHints:—P. D=

G) f°TT 4 , wad
on the drop=(Q x “Tg > Weight of the drop=~,, 7 (Q°0001+4)

xQ'92x 981. Hence find Q.

8. Two brass plates are arranged horizontally, one 2 om

above the other and the lower plate is earthed. The plates are
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charged to a diffsrence of potential 6000 volts. A drop of

oil with an electronic charge of 4°774x 107!° B.S. U. isin

equilibrium between the plates, so that it neither rises nor

falls. If the density of oil be 0°92 find the radius of the drop.

Ans V0 000108 cm

9. Hixplain the action of a condenser and define (a) the

capacity of a condensor and (b) the specific inductive capacity

of dielectric.

The thickness of the air layer between the two coatings of a

spherical air condenser 1s 2 om. Thecondenser bas the same

capacity as that of a sphere of 120 om. diameter. Find the

radi of the surfaces of the air condenser, Ans 10 cma: 12 cms.

10. Find the capacity of sa spherical conenser when the

inner sphere is connected to the Isarth.

Two exactly similar condensers are connected by a wire and

a charge of 500 units is given tothem. If turpentine of $.I.C.

2°16 be poured into one of them find how much charge flows

from one condenser to auothber. Ans 918 units.

11. A submarine cuble consists of copper wire of diameter

4mm surrounded by guttapercha of thichness 6 mom. If the

4 1. C. of guttapercha be 4°2, tind the capacity (in micrc-farads)

of 30 Kilometers of the cable. [one micro-farad=9 x 1U° FE. S.

units of capacity |. Ans. 5'U5 mfd.

C. U. Questions.

1955. Derive an expession for the energy of a charged

condenser.

A condenser of 4 micro-farad oapacity 13 charged to a poten-

tial of 1000 volts. Caloulate the energy stored in the condenser.

If a second uncharged condenser of 2 micro-farad capacity is

jolned across the first what will be the resulting energy of the

combination ? Ans 2 Joules; 4 Joules.

1958. Deduce the expression for the capacity ofa parallel

plate condenser.

Thin sheets of zine and ebonite sheet 2 cms thick are given

to you. Describe how a condenser of capacity 100 cms can be

constructed with these materials.
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1962. Find the capacity of a condenser consisting of two

concentric metallic spheres the inner of which is oharged and

the outer one earthed.

1962. (Three Years Course), Define the capacitance of a

condenser. What is the practioal unit for it ? Deduoce an

expression for the capacitance of a parallel plate condenser

with a two-component compound dielectric. Distibguish

bstween the terms polar dielectrics and non-polar dielectrios,

1963 (Three Years’ Course), Write notes on “Dipole”.

1964 (Three Years). (1) Detine ‘electrostatic capacity’.

Derive sn expression for the capacity of a parallel plate

condenser with a dislectric medium between the plates.

What do you mean by ‘dielectric constant’ ?

(2) Write short notes on ‘Dielectric polarisation’.

1965. ‘xplain whatis meant by the statement that the

capacitance of a condenser is cne microfurad.

Three capacitors each of 6 micro-farads oapacitance ‘are

connected in series and a battery of 10U volts applied across

the combination. Calculate the chargy taken from the battery

and the energy stored in the capacitors.

Ans. (a) 2x 107* coulombs (3) 107? Joules.

1966. Define the capacity of an electrical condenser. Find

the capacity per unit length of a condenser consisting of two

co-axial cylinders of radii 71 and rz (r1>72) the space between

the two cylindors being filled up with a material of speoite

inductive capacity k and the outer cylinder connected to the

arth.

1967. Find the capacitance of a parallel plate capacitor

with compound dielectric. -

Two capacitors of capacitances 3uF and 6eF are connec-

ted in series and the resultant combination is connected

aoross 1000 volts. Calculate (a) the equivalent capacitance of

the condenser (b) the charge taken by each condenser,

Ans, 24F ; 2x 1073 coulomb.



CHAPTER VII

MEASUREMENT OF POTENTIAL, CAPACITY

AND SPECIFIC INDUCTIVE CAPACITY

Electrometers are instruments by which the potential

difference between two bodies may be measured.

Art 55. Attracted Disc Electrometer.

This is also sometimes called Kelvin’s Absolute

Electrometer.

The action of this instrument depends upon the force

of attraction between the plates ofa parallel plate charged

condenser. Let us find an expression for this force.

Let Vi and Va be

the potentials of the I

two plates of a para- ‘d

lel plate condenser, ¥

the plates being sepa-

rated by a distance d. Fig, 94

The intensity at any point between the plates, is therefore

equal to Vi A By Coulomb's Theorem if o be the surface

density of the positive plate the intensity is also equal to 472

Vi- V2 . Vi- V2
TO om —- - ee C=m-—- —~Hence 4 d ind

Again 2m0" is the electric pressure or force per unit area,

on either of the plates. Hence if S be the area of a plate the

force with which the two plates are attracted towards each

other, is

9

Fes, 90% = IS (” ad) "Ee er a (Vi- V2)?

ee V1 -V2=d ere ‘ee eee (a)



118 ELECTRICITY AND MAGNETISM Chap VIT}

In the actual instrument a guard-ring condenser is used

the central disc A heing surrounded by the guard ring B.

2
ny

ute 6 68 eee i eremen ) eueweme we a PA Meewen ee

ee ee ee »

Fy
a

PGVe aka
rerei" ——— CTT !fs)4:

Fig. 95

The central disc A is connected by a spring to a rod

above (not shown in the diagram); the rod itself may be

moved slowly upwards or downwards so that by this arrange-

ment the position of the plate A may be adjusted. The

lower plate C can also be moved upwards or downwards by

rotating the circular screw head 8. The distance through

which it is thus moved can be read off from the linear

seale L,

To use the instrument all the plates are first of all

connected to the Earth. A small mass m is placed on the

plate A and the position of the plate is adjusted until it is

flush with the guard ring B. The mass m is now removed

and by the action of the spring the plate A is pulled a little

upwards. Clearly, if by a force acting downwards the plate

A is again brought in the same plane as B, the value of the

force would be mg.

The plates are now disconnected from the Earth and A

(as well as B) is maintained at a high potential V; O is
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connected to a potential V1. The two plates being thus at

a difference of potential there is a force of attraction acting

between the two. The position of Cis slowly adjusted until

due to this force of attraction A comes in flush with B. We

then have from (a)

V-Vi1= di ern

Where di: is the distance between A and C and S is the

area of the plate A.

C is discharged and is again connected to a second

potential Ve. By adjusting the position of C A is again made

flush with B. —

Then V — Ve=de (7m
Ss

where de is the new distance between A and C.

By subtraction V2 — Vi1=(di — ds) \ 8 a

d1— dz is the distance through which C is moved between

the first position and the second and can therefore be

® T ®

accuratelv measured by the micrometer screw. Vi. 1s a

constant for the given instrumert and can be easily determined

from a knowledge of the values of m and 8.

Thus Ve-Vi is known. If Vi=0. ¢. & if C be first

connected to the Earth and then to V2, the actual value of Vs

can also be determined. Since the value of Vz can be

determined from a knowledge of the different constants

involved in the equation the instrument is known as an

absolute electrometer.

A condenser conststs of two circular plates of 20 cms radtus

separated by an atr gap of 5mm. If the plates are at a difference

of potenttal of 10 BE. S. units find the force between the plates.

Calculate also the work done in separating the plates from the

present positton to a distance of 1 cm, the potential difference

being maintained constant.

10 . 54zo = Intensity TM 05, = 20 “* o T
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Hence force of attraction = Area X 270"

5
= 7, 20%, 2r. 2s

Again at any stage if x be the distance between the plates

10 5
4ro=—-- or =:

v 2722

5 500., Force of attraction =z. 20’. 2z 255000
Ana x

I 1

S00Hence required work done = [7 ae -|*0 a m= 5() A ergs.
0°5 05

Art 56, Kelvin’s Quadrant Electrometer

The Quadrant electrometer essentially consists of four

hollow quadrants made out of a flat cylindrical hollow brass

box, each quadrant being supported bv a glass rod. Opposite

quadrants are electrically connected. Thetwo pairs AA and

BB thus formed are connected to potentials V1 and Ve whose

difference is to be measured by the quadrant electrometer. A

/ ~~ “, ,

4 « ’ [ ‘ \,
a | ‘ toy A \

| | ate \
© bP I

] (\— - i

Fig. 96

light aluminium needle of the shape as shown in the figure is

suspended by a fine silver wire, so that it hangs inside these

quadrants. The suspension wire is attached to a torsion
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head atthe top; this is adjusted so that initially the needle

lies symmetrically among the four quadrants. It is obvious

that each quadrant together with the portion of the needle

within the quadrant forms a pair of condensers, the upper

face of the needle together with the upper portion of the

quadrant forming one condenser and the lower face of the

needle together with the lower portion of the quadrant forming

the other condenser of the pair. ‘If the needle rotates in any

direction the portion of the needle within one diagonal pair of

quadrants increases and that within the other diagonal pair

decreases. ‘The needle is maintained ata constant potential

V. When the needle rotates the capacity and hence the energy

of the condensers formed by one diagonal pair of quadrants

increase and the capacity and energy of the condensers formed

by the other pair decrease.

Due to electric forces the needle beginsto rotate and as it

rotates the suspension wire gets twisted. Equilibrium there-

fore takes place whenthe couple due to electric forces is

balanced by that due to torsion.

If 9 be the final deflection of the needle (—say, in the

direction of the arrow, see Fig 96) and if u be the coefficient

of torsion of the wire the torsional couple is #@. This is

also therefore the electric couple in the equilibrium position.

Let us now suppose that the needle rotates through

a further small angle d9. Since in this case all the conductors

are maintained at constant potentials, for the small rotation

the work done by the electric couple is equal to the gain in

electric energy of the system. The former is obviously equal

to 26d9. We now proceed to find the latter.

Let C be the change in capacity of any diagonal pair of

condensers when the needle rotates through a unit angle (4. @.

one radian). Thus for a deflection d@ of the needle, the B pair

gains in capacity by Cd@ and the corresponding loss in the

A pair is also Cd0. Since the energy of a condenser is

+ (capacity). (Pot. diff.)*, for the B pair the gain in energy 1s

4 Cd@ (V-Va)*, and for the A pair the loss in energy is

4 Cd9 (V—V:)%. Thus the net gain in electric energy
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= £Cd6{(V — V2)? -—(V — V1)}

Hence p6d0=4Cd0{(V — Ve)? —(V — V1)73

Oe oi (Va - Ve) (QV —Vi -V2)

C Vi- Ve) }v- weet

ft
{a Vv- met ves (29)

where KeC

There are two wavs of using the instrument—

(1) Heterostatic and (2) Ideostatic.

(1) Heterostatic method, In this method V is made very

large, much larger than Vi+ Ve. Hence equation (29) reduces

to Ge KV(Vi-— V2).

Thus 9 is proportional to Vi-Ve. This is the usual

method. In this case since Vi—Veis multiplied by V which

is very large itis clear that even if Vi—V2is small @ will be

fairly large. Hence small difference of potential may he

measured by this method.

(2) Ideostatic method. Jn this method V is made equal to

Vi or Ve.

If V= Vi, equation (29) reduces to

O=K (Vi —- Ve) J Vi -22 vt =o (V; — V2)?

Thus 9@ is proportional to the square of the potential

difference Vi-—Ver. 6 8 is positive even when Vi-—Vz: is

negative. Hence alternating potential difference may be

measured by this method.

It will be seen that the value of the potential difference

Vi- Ve cannot he determined in absolute measure by this

instrument ; for, the constant Kin equation [29] cannot be

determined in absolute measure—it can only be found out

by first using a known potential difference and noting the

corresponding deflection 9 Quadrant electrometer is not

‘therefore an absolute electrometer.



Art 57 ELECTRIC MEASUREMENT 123

Inthe Dolezalek form the instrument is very sensitive.

The needle is made of paper on which a thin layer of some

metal—usually aluminium is deposited. It is suspended by

a thin quartz fibre which is made conducting by dipping it

into a strong solution of calcium chloride. A small mirror is

attached to the quartz fibre. A ray of light reflected by this

mirror is incident on a scale. The rotation of the needle is thus

measured by the deflection of the spot of light on the scale.

An electrostatic

Art 57 voltmeter is in
eV tro static principle analogous

to a Quadrant

electrometer used heterostatically.

There are however only two

quadrants placed diagonally in a

vertical plane ; they are electrically

connected. An aluminium vane

iserving the purpose of the needle*

in Quadrant Electrometer) is

also. pivoted in the vertical

dlane within the quadrants.

The vane can rotate about a Fig. 97

horizontal axis passing through the centre. Yo the lower

part of the vane, is attached a small projection carrying a

horizontal knife edge. A suitable weight placed on this

knife edge, serves as the contro] ; when the vane is deflected

hy electrostatic forces this weight tends to bring back the vane

‘6 the original position. The upper part of the vane carries

2 pointer moving over a graduated scale. When the vane and

the quadrants are connected to two different potentials the

vane is deflected. If the scale be graduated in volts by

yteviously calibrating the instrument the difference of poten-

tial can at once be obtained bv noting the deflection of the

pointer on the scale. It should be noted here that the

deflection is proportional to the square of the difference of

* The electrometer is here used heterostatically, the needle being

connected to a potential different from that of the quadrants.
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potential. Hence this instrument can be used for measuring

rapidly alternating E.M.F. For measuring high potential

difference—1000 volts or more—this is a very suitable

instrument, particularly because there being no current through

the instrument there is no wastage of power. For different

ranges of volts different controlling weights are used.

Art 58 Kelvin’s Null Method.

This method is very similar to Wheatstone’s
Measurement . . .of capacity bridge method of measuring a resistamte To

measure an unknown capacity we tequire

8B three other known capacities

C, LS Nv one of which is variable. Four
/ o capacities (C1, Cs, Cs, Cz

ag es CA C arranged in a mixed circuit

% eZ U/ are connected to the two
~TM Cy terminals of a _ battery as

shown in Fig. 98. The mid-

b points B and D of the two

no parallel circuits are connected

to the two pairs of quadrants

of the electrometer E. The

variable condenser—any of the four condensers may be

variable—is adjusted until the electrometer shows no deflec-

tion. In that case points Band D are atthe same potential.

Let Q1 and Qz be the charges on the positive plates of C1 and

C3 respectively, —Qi and -—Qz being the induced negative

charges on the corresponding negative plates, free positive

charges Q: and Qs pass on to the positive plates of Ce and Cu.

Hence Qi=Ci(VaA — VB) = Co'VB-— Ve)

and = =s- Qa = C:(VA — Vp) = CA(Vp — Ve)

Since VB=Vp, we have by dividing the Ist equation by

the 2nd.

Fig. 98

Ci Ce Ci C3

Cs Cs Ca Cy
Thus of the four capacities if three be known the fourth

can be found out.

[ Vide also Arts 115 and 155 ].
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Art 59. Determination of S, I. C. of a dielectric.

Solid Dielectric HOPKINSON’S METHOD
In this method the battery consists of an

even number of cells, the middle point of the battery being

earthed. Hence if + V be the potential of the positive terminal.

of the battery, -V is the potential of the negative terminal.

Fig. 99

ty and Ke are two levers which can be made to touch the

upper or lower studs as desired. H is a quadrant electrometer :

one pair of opposite quadrants is connected to the upper studs

(which are mutually electrically connected) and the other pair

is earthed, When Kiand Ke are in contact with the lower

studs, the two terminals of the battery are connected to the

two plates of the condensers 5 and G;the other two plates of

these condensers are earthed. § is a sliding coaxial cylindrical

condenser, the capacity of which can be varied by sliding the

inner cylinder inside the outer one. G is a guard ring air

condenser, the lower plate of which can be moved up or

down parallel to itself. Sand G being connected to potentials

equal but opposite in sign (+ V and -V) the charges on 8 and

(; are certainly opposite; they are also equal provided S and

( have equal capacities. In that case on making the keys Ki

and Ketouch the upper studs, these charges neutralise each

other completely and the electrometer E shows no deflection.

Hence the proceedure is this'—the sliding condenser § is

adjusted until on making the levers Ki and Ka first touch the
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lower studs and then the upper ones, there is no deflection ip

the electrometer. We then conclude that thé capacity of S45

equal to that of G.

Next a slab of the dielectric whose S. I. C. is to he

determined is placed onthe lower plate of G. S is no more

disturbed but the lower plate of G is slowly lowered until On

repeating the previous operations, the electrometer again

shows no deflection. The capacity of G is again e gual to

, A
that of S. Formerly, the capacity of Gms nd where A\ is the

effective area of the plate and d the distance between the
And now the capaeity of G

a —___A | from 24) |
in} (d-t+a2)+ , }

where «=distance through which the lower plate is moved,

t=thickness of the dielectric slab,

k=5. I. C. of the dielectric.

And, since in each cuse the capacity of Gis equal to that

plates.

of S, we have

A A
ee

and an} d-tha) + t
Ne ee ee

ee d=d-tt+tat - oe
k

t . t
A tee ke -

k ti-x

Since wis the distance through which the lower plate is

it can be measured very accurately. There is nomoved

Hence k can bedifficulty about measuring ¢ accurately.

determined accurately by this method.

Art 60 Arons and Cohn’s method.

-cuid An apparatus designed by Silow was

Dieltetric used by Arons and Cohn for measuring the
8. 1.C. of liquids. It consists of a cylindrical
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glass vessel along the inside of which four vertical strips of

tinfoils A, B, C, D, are pasted. The opposite pairs A, C and

B, D are electrically connected. A horizontal arm E of

platinum carrying two aluminium pieces F, F curved so as

Fig. 100

to be parallel to the sides of the vessel, serves as the needle.

This needle is suspended from a torsion head at the top. The

needle is also connected to one pair of tinfoils so that this

apparatus is completely analogous to a Quadrant Electrometer

used ideostatically. Im order to measure the S.I.C. of a

liquid Silow’s apparatus and a Quadrant Electrometer (also

used ideostatically) are connected toa generator G of high

frequency alternating potential as shown in the figure. The

needles in both the apparatus are deflected. If 61 and 62 be

these deflections and V bethe P. D. between the terminals of

the alternator, we have

6,=A,V? (for Quadrant Electrometer) |

and 62=AaV? (for Silow’s apparatus),
eee (a)

where Ai and Az are the two constants of the two

apparatus.

. O, Ay
ee Oo Ag

Next the liquid whose §.1I.C. is to be determined is

poured into Silow’s apparatus ; the capacity of the apparatus

is therefore increased k times where & is the S.I. C. of the

liquid. Hence if 63 and 9% be the new deflections,

@,= A1V* (for Quadrant Electrometer) |

and 6.=kAsV? (for Silow’s Apparatus). (8)
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Os. ] . Al _ ] Oy . k= a x Aq

6, k Ae .k 8 G2 ~ @3°

N.B. The P. D between the terminals of an alternator does not

always remain the same, #.e. Vin(a) and V in (f) are not necessarily

0
equal. Hence 6, + 63 and & x 4

2

Art 61 BOLTZMANN’S METHOD. !

The apparatus essentially consistS of a
Gaseous .
Dielectric parallel plate condenser enclosed in 4 brass

box which can be exhausted or filled with any

gas as desired. The upper plate P is connected to the positive

yi ray - 6S PP

he OOOO ne EEE,ff (Aq

a ba i£S ng ‘
basy’'s 3 Dp 4 "wk,

“— ~~, oe i ,

\ JENS Q Ke
‘ 1S } 1 fhe ys

ete ay Srna IEMA we eea. ” “ wf WOOT, a Pee

‘ iL ciate oat a
’

. —
¢
' ee Y,

i

—_— Gantt

Fig. 101

terminal of a battery through Ki; the lower plate Q is

connected to one pair of quadrants of a quadrant electrometer.

The other pair of quadrants, the brass box and the negative

terminal of the battery are all connected to the Earth. The

plate (@ may also be connected to the Earth by pressing the

key Ke. To find 8S. I. C. of a gas the following operations are

successively performed :— -

1. The brass enclosure is exhausted completely, Kz and

Ke are both closed. If there be n cells in the battery and if V

be the H. M. F. of a single cell the potential of the plate P

=nV, the plate QO being at zero potential. The electrometer

obviously shows no deflection.

2. The key Ki is opened. The closure is filled with

gas. If k be the $.1.C. of the gas the capacity of the con-
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denser is increased k times; and since the charge on P

remains constant the potential of P is now nv

closed the potential of Q remains zero and the electrometer

also shows no deflection.

3. Keis now opened and Ki is closed. Additional charge

comes from the battery to P, so that the potential of P rises

to the original value »V. QO now acquires a potential due to

this extra charge on P and the electrometer shows a deflection,

—say, a. This deflection a is evidently proportional to the

increase in the potential of P.

Kz being still

.VHence a cw (xv _ D)
b

o nv(i- +
m k

4. An additional cell is now included in the battery. The

yotential of Pincreases by V. ‘The deflection of the electro-

meter increases by an amount B.

Then Bo v

nV (1 _ | )
a k 1 _&

1 ay -% np — a k= np
k np nB * nB-a

Exercise VII

1. An insulated circular metal plate of 8 cm radius is given

a cbarge: it is then found to be attracted towards another

exactly similar but earth conneoted plate placed below the

former at a distance of 8 mm. If the force of attraction be equal

to 0°4 gm wt, find the charge on the insulated plate.

' g=980 cma/sec? | Ans. 112 E. 8. units.

92. Explain the action of the Attracted Disc Electrometer.

Two plates, each of area 20 8q.cms are maintained at a

M.9
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difference of potential of 1200 volts. If the distance between

the plates be 0°5 cm, find the force of attraction between them

[ 300 volts =one E. 8. unit of P. D. J Ans 50°93 dynes.

8. Describe and explain the action of the Quadrant

Electrometer. How would you use it to determine (a) the

E. M. F. of « cell and (b) the strength of a current. How can

is be used to measure (a) alternating E. M. F. and 2) very

small diifereuce of potential. :

4. The plates of a parallel plate condenser are 2 cmstapart.

A slab of dielectric of 8. 1. C. equal to 5 and thickness 1 cm

is placed between the plates with its faces parallel to them

and the distance between the plates is altered so as to keep the

capacity of the condenser unchanged. What is the new distance

between the plates? C. U. 1946. Ans 2°S cme.

. * i _A , , _ATints -—If a be the new distance 47.2 4nx(a@-1+ 3)

C. U. Question.

1960. Describe the construction of an attracted dise electro-

meter and deduce its working formula.

An insulated plate 10 cms in diameter is charged with elec-

tricity and supported horizontally ata distance of 1 mm below

@ similar plate suspended from a balance and connected to

Earth. If the attraction is balanced by the weight of one

decigram find the charge on the plate. (g = 980 C. G. 8. unit).

| Ans. 85 E. 8. U.
1961. Describe 2 Quadrant electrometer and give the theory

of action. When is it used beterostatically and when ideostati-

cally ?

1962. Describe an attracted diso electrometer and deduce

its working formula. Why is such an electrometer called an

absolute electrometer ?

1963. Describe fully any one method of measuring the

potential of a charged metallic body. Indicate clearly the

precautions to be taken for this measurement-
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1964. Write short notes on Quadrant electrometer.

1965. Describe an attracted disco eleotrometer and deduce

the necessary theoretical relation to explain how it can be used

to measure a potential difference. Explain why it is an ‘absolute

electromter’,

1966. (Old) Describe the construction and working

principle of a quadrant electrometer. Briefly explain how it

can be used to measure an unknown potential difference.

1966. (Revised). Give the construction and principle of

action of the attracted disc electrometer.

Calculate the force of attraction between the lower and the

upper disos of an attracted diso electrometer when a potential

difference of 1000 volts is applied between them, given that

they are 0'5 cm. apart and of area 10 sq.cm. Ans. 2 dynes,

Hints : Vi- V2=1000 volte=".E, S. unit.

S > 10 f10\7 |ee Force -¢ 7 (wv: Ve ) 67 (0 6)? e () = atc,



CURRENT ELECTRICITY

CHAPTER VIII

CELLS, CURRENTS AND RESISTANCES

Art 62 If a point A at a certain potential be
Whatisacurrent connected by a metallic wire to another point

B at a lower potential electric

charge flows from A to B until the oS

potentials at these two points are poe

equalised. If however the difference A
of potential between A and B A 8
be somehow maintained constant a

charge flows continuously fromAto B. Such a continuous flow “
of charge constitutes what is

known as an electric current. A 4)

current is thus the rate of flow of Fig. 102

charge, 4.@ 4$=-:>ge, di

It was first discovered by Volta that if two dtssimilar

metals are immersed in a fluid a constant difference of

potential is maintained between the two metals. This

difference of potential is due to what is known as the contact

difference of potential at any junction. Itis well known that

all conductors contain electrons which_are more or less loosely

bound to the atoms. The concentration of such electrons

however is different in different substances so that when a

metal is immersed in a fluid there is usually a flow of electrons

from cone substance to the other. The substance which gains

electrons becomes negatively charged and the substance which

loses electrons is positively charged. Thus both substances

become charged and there is therefore a contact difference of

potential between the two. The flow of electrons stops when
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the contact difference of potential (which opposes the flow of

electrons) is just sufficient to stop the flow.

Thus if two metal plates A and B be immersed ina fluid

there is a contact difference of potential
Al iB

between A and the fiuid as well as

between B and the fiuid. If the two

metals A and B are of different materials

the difference of potential at the contact

in the two cases is not the same and Fig 103

there is therefore a difference of potential

between A and B.

Art. 63 In a simple cell two plates one of copper

Simple cell! and the other of zinc are immersed in dilute

and its defects = suiphuric acid. In this case copper is ata

higher potential than zinc. If the plates are connected by a

metallic wire an electric current flows from the copper plate

to the zinc plate through the wire and from the zine plate to

the copper plate through the liquid. The higher potential

plate is called the positive plate and the lower potential one

re the negative plate and the liquid is

Cu Zn known as the exciting liquid. The agent

which makes the current flow round the

circuit is called the Electromotive Force

(or E. M. F.) of the cell. This simple

Fig 104 cell suffers from two defects (1) Local

Action and (2) Polarisation. Zinc used as

the negative plate is commercial* zinc and contains many

impurities, such as Arsenic, Carbon, lead and iron. Coming

in contact with dil H2SO, these impurities together with zinc

form local cells. Local currents are thereby produced and

zinc is gradually consumed away without contributing any-

thing to the main current. This defect~known as Local

Action—is removed by amalgamating the zinc plate. This is

done by rubbing the zinc surface with mercury with the help
Renee:

* Pre Zinc is not used because it is costly. Moreover pure Zinc is

not acted on by dil H2SQ,.
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of a brush. The zinc amalgam so formed covers up the

impurities which are therefore prevented from coming in

contact with dil HsSO..

The other defect— Polarisation is due to the fact that when

the current passes zinc combines with HeSQO. according to the

equation Zn + HeSO4 = ZnSO, + He. Hydrogen bubbles thus
produced travel with the current through sul phurit acid
solution and ultimately get deposited on the copper \plate.

This layer of hydrogen bubbles on the copper plate reduces

the current in two ways; first it offers resistance tq the

current the strength of which is therefore considerably

diminished. Further along with zinc plate this layer of

hydrogen bubbles form the two plates of a cell and an E.M.F.

is generated. This E.M.F¥.—Polarisation EK. M. F.—opposes

the main EK.M.F. and thereby the strength of the current is

reduced. This defect can be removed by oxidising hydrogen

(¢.e. forming water) with the help of an oxidising agent. This

oxidising agent, or oxidiser, is also known as a depolariser.

In all kinds of cells Zine is always the negative plate. By

using different substances for the positive plate, the active

liquid and the depolariser various kinds of cells have been

prepared. In these cells the depolariser and the active liquid

are ustlally kept separated by means of an earthen ware

vessel. A list of such cells with their actions is given in

Table I.

N.B. (1) Leclanche cell is the only cell where dil HeSO« is not the

active liquid. In this cell NH,C1] solution is the active liquid.

(2) Bichromate cell is the only cell where the active liquid and the

depolariser are not kept separated by earthen ware vessel; they are

mixed up together.

Dry cells are nowadays extensively used in

oon torches, high tension batteries and portable

testing sets. These are nothing but Leclanche

cells. Instead of using a solution of NH,CI however, a paste

is made of NH,O1 (Sal-ammoniac), MnOs, C (Graphite) and a

little water.
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Zinc is the outer wall of a hollow cylinder and this serves

as the negative plate. A carbon rod C placed at the centre

is the positive plate. The carbon rod is insulated atthe

bottom by means of a Tar paper washer (TPW). Up to about

three-fourth height of the cell the space between zine cylinder

Znu—Zine cylinder

C—Carbon rod

TPW—Tar paper washer

Ps-—Paste of NH,CI, sD —

MnOz, Graphite and ==

HO, “ =

SD—Saw Dust —-—

S—Sand

Pt—Pitch

B—Brass cap

Pl—Paper lining

oN

en

| |

SQA
\Ay! aly TPWit |

and the carbon rod is filled up with a paste (Ps) of NH.C1,.

MnOz, C (graphite) and HaO. Over the paste there are

successively two layers—one of saw dust (SD) and the other

of sand (S). Finally the mouth of the cell is sealed with pitch

(Pt). A blotting paper lining (Pl) lines up the inside of the

zinc cylinder. A brass cap (B) is fitted to the top of the

carbon rod ; this serves as the positive pole. A small hole is

pierced through the pitch so that gases may come out from

Within the cell.

Art 65 The E. M. F. of the cells described so far
Standard Cell. .

1s never steady. Asacurrent is drawn from

One such cell the E. M. F. generally falls off slowly. It is

however often necessary to have a source of constant E. M. F-

which may be used for comparing the EK. M. F.’s or for

calibrating ammeters, voltmeters etc. The Weston cadmium

cell is one such cell and is regarded as an accurate standard
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cell. It consists of an H-shaped glass vessel as shown in

Fig. 106. In one limb pure mercury (A);is placed at the bottom

and this serves as the positive pole. The negative pole is an

amalgam (D) of mercury and cadmium and this is placed at

the bottom of the other limb. <A paste (B) of mercurous

A-— Mercury

B—Mercurous sulphate

C—Crystals of CdSO«

D—Amalgam of Hz

and Cd

E—Saturated solution

of CdSO4

Fig. 106

sulphate is placed over mercury and a saturated solution (E)

of CdSQ,z is kept in both the limbs, the surface of the solution

reaching above the horizontal tube connecting the two limbs.

Two wires fused at the bottom of the two limbs are in contact

respectively with Hg and the amalgam of Hg and Cd and these

serve as the two poles. To keep the solution always in the

saturated condition a few crystals (C) of CdSO, are placed in

each limb.

The E. M. F. of this cell is 1°0183 at 20°C. With the rise

of temperature the E. M. F. slowly decreases. At any

temperature its E. M. F. is given by E=1'0183 —0°0000406

(t-20) Volt. It should be remembered that this cell is used

only for comparison purposes. Nocurrent should be drawn

from this cell even for a short time.

Art 66 A current always flows from points at higher

Ohm's Law potential to those at lower potential. If a
current passes through a wire different points of the wire are

at different potettials. The strength of the current between

any two points A and B.of the wire is proportional to the

potential difference between A and B, the constant of propor-
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tionality being known as conductance of the wire (between A

and B). Conductance again is the inverse of resistance. Thus

, H
a=hE:

R

A L B
pe... ~ _' -+ vere

“ |
Fig, 107

where E= Pot. diff. usually measured in volts

k=Conductance _,, >; »» Mhos

R=resistance - i », Ohms

4a=Current - - ,» Amperes

The above is the mathematical statement of Ohm’s Law.

In language, it is

Temperature rematning constant the current in any wre

is proportional to the potenttal difference between the termsenals

of the wire.

The resistance of a wire changes with temperature; hence the

necessity of the phrase, “Temperature remaining constsnt.

Specific At anv temperature the resistance of a

resistance Wire varies directly as its length and

inversely as the cross section of the wire; the constant of

variation in this case is called the specific resistance of the

. } . .
wire. Thus R=p where p=specific resistance, l=length,

A$ area of cross-section. If the wire be of circular cross-

section of radius r, A= zr?.

The specific resistance of a substamce may be defined as

the resistance of a wire of that substance of length one cm

and of cross-section one sq. cm., ¢. ¢. itis the resistance of 2

‘centimeter-cube of the substance.

N.B. (1) Theresistance of a wire depends upon (a) the length

(b) the cross-section and (c) the material of the wire. It does not

depend ou the shape of the coil of wire, i.e. whether the wire is straight

or coiled up, the resistance is the same.
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(2) The specific resistance depends only on the material of the wire.

It does not depend on the length or the cross-section of the wire.

(3) Specific resistance and hence resistance depend on temperature.

Art 67 Grouping of resistances

Let rirerz3 be three resistances joined in

Re varatiel "parallel between two points A and B. Let
the main current ¢ after coming to A, be

divided into #1 12 13 along the three wires. Then 1=¢t1+12+¢s.

. 4
en, — — >

>
4

Let E be the P.D. between A and B. Considering the three

wires separately we have E=tiri=tare=tsrs. The three

wires are now replaced by a single wire of resistance r

connected between the same two points A and B maintained

at the same Pot. diff. KE. Then since the whole of the current ¢

passes through this wire

; ; : 3) xa E E _Bor =(t1+t2+¢3)7 tne os

oe tt vs + (80)

N.B. (1) lfallthe wires be of equal resistances the equivalent

resistance is equal to the resistance of a single wire, divided by the

number of wires in parallel. Thus if there be three resistances in

16
parallel, each of 15 ohms, then the equivalent resistance=-~ —5 ohme.



140 ELECTRICITY AND MAGNETISM Chap VIII

(2) If two or more resistances be arranged in parallel, the equivalent

resistance is always Jess than the smallest of the different resistances.

For example, if two resistances 10 ohms and 100 ohms be in parallel

» ry e 1 1 1 11
the equivalent resistance is given by . =70+ 1007" i00

p19 1 ohms, 7 r. < 10 ohms1] 11 8 1. €. e e

{

(8) If one of the resistances be very small in comparison tb others

the equivalent resistance is practically equal to this small registance.

For two resistances 0°01 ohm and 100 ohms, the equivalent resistance is

given by

1 1 1 10001
=100+ —

1

+ 0°01 100 100> 100

"= TO001 =()'01 ohm very approximately.

Resistances b . . .
in series If r1 r2 73 De three resistances in Series

4, Fr. T's rs a

Wi 2
A B c..-:=S/=~dD

ee. r
% A | D

mI V-*
Fig. 109

then the same current ¢ flows through each of them. Hence

Vo -V =in V -V_=tre and V_-V_=trs
A B B Cc C D

.- adding up, Vv, - v7 t(ra + r2+rs) eee (a)

If the three wires be replaced by a single one of resistance

r, so that the same current é flows through it and its

terminals are at the same potential difference as before we

have V -V =ir ees ase (bd)
A D

Hence comparing (a) and (b)

r=r+retrs eee eee (31)

N. B. ‘The results for capacities in series and capacities

in parallel, should be contrasted with these. (Vide Art 47)
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Art 68 Grouping of cells.

Three cells, each of
[4 LH Cellsinseries K.M.F. KE and internal

resistance r, are connece

Re ted in series to send a current through

Fig. 110 the external resistance R. In this case

the three internal resistances and the external resistance are

all in series. Hence the total resistance in the circuit is

R+3r. And the P. D. between the terminals of R is 3K.

Hence the current through R is

N.B. If the cells are all of different HE. M. F's E1 Es Kg and of

different internal resistances 71 12 rs, the current through R is

given by

Eit+ Het Es |

Ktrtratrs

Three cells each of E. M. F. E and internal resistance 1,

are connected in parallel between two points A and B. This

combination is used to

Cells in parallel send a current through

the external resistance 4

\

R joined to Aand B. The three inter- A B

nal resistances are now in parallel;

their equivalent resistance is equal } vé

to 3 - the total resistance in the circuit AAA D

, R
is therefore equal to R+ 3 The P. D, Fig. 111

between A and B is EH. Hence the current through R is

pe EB
3R+

Rt ’

N.B. The problem when the cells are of different E, M. F’s and

‘of different internal resistances, cannot be solved in this simple way.

For this case, Vide Art 72.
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Let us now have m rows of cells in parallel, each row

containing m cells in series. The resistance of each row of

oo cells is my» Since there are m rows in parallel
Ceils in mixed

e e ° e e nT

circuit their equivalent resistance=-" Hence the

. fo.
total resistance = R +. The P. D. between the tetminals

\

of Ris zE. Hence the current through R is

pan eR
R+ nr mM nr

TM

Obviously mn is the total number of cells.

Hence for a given total number of cells, the

current through the external resistance is maximum when

the denominator mR +ar is minimum.

Best grouping

_ \2

But mR +nr=(/mi - o/n7 ) +2,/mnkr.

The Ind term does not depend on m and n separately but

on mx which is constant ; the Js¢ term being a perfect square

its minimum value is zero. Hence the current is maximum

yr. . .

when mR@=ar or R' . i. e. when the external resistance is

equal to the effective internal resistance.
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Art 69 It is often necessary to reduce the strength

Shunt of the current through a galvanometer. In

that case the galvanometer is shunted, ¢.¢@. a

resistance is used in parallel with the galvanometer, so that

part of the current passes throngh the shunt and the remaining

portion flows through the galvanometer.

Let 5 be the resistance of the shunt used with the galvano-

meter whose resistance is G. Lets bethe main current and

let 21 be the current through the galvanometer: then 4-21 is

the current through the shunt. If A and B be the two ter.

minals to which the shunt is connected

V, _ V7 uG considering the current through

the galvanomieter,

also, Vv, ~ V,, =(i-—4¢) S considering the current

through the shunt

. 21Go(¢—a)S or i1(G+8)=i8

ve vee (33)We 414
Gt+sS

4. & current through the galvanometer

. shunt resistance
=main current X-————— =

total resistance

N.B. In order to decrease the cutrent through the galvanometer.

the shunt resiatance has to be decreased and vice versa.
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Problems

1. 24 cells each of HE. M. F. 2 volts and of internal reststance

2 ohms, are required to send a eurrent through an external restst-

ance of 3 ohms. Find the best arrangement of cells ; find also the

maximum current through the external resistance.

Let 2 cells be connected in a row in series and let there be; such

rows in parallel. Then the total number of cells mn=24,

Also when the current through the external resistance is maximum

the external resistance is equal to the effective internal isu

. on 3m
t. é. ga - - Or N= -

TMm 9,

. 3m .
. oM” “9 = 24 or m’=16 m=4

3x 4
ie 7% oe 6

) 2

Thus we must have 6cells in series in a row and 4 such rows in

parallel.

The current through the external! resistance

AxGxX2
ea on [ from (3Ax3S+2%x*6 ( 2) J
48

= -=2 Amps.
24 P

2. Agalvanometer of 6 ohms resistance ts shunted by a wire

of 4 ohms resistance. If this shunted galvanometer be connected

in series with a cell of 2 volts HE. M. F. and of 16 ohms tniernal

resistance find the current through the galvanometer,

If R be the effective resistance of the galvanometer and the shunt

we have

~ ms ; + ‘ oe OT Rav m2 ohms.

Total resistance in the circuit =2°4+1°6=4 ohms.

c

.. Current from the battery= > =(°5 Amp.

Current through the galvanometer

my 405 x 7 [ from (33) ]
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2
=—.- —ea()'2 A e

10 mp
From equation (33) it is obvious that if the main current

, . G+S.,
oo. t be increased ——— times the current through

Muitiplying 0

power ofa the shunted galvanometer becomes ¢, ¢, @.

main current ve S produces thesame deflec-

tion in a-shunted galvanometer as is produced by the current

¢in an unshunted galvanometer,. eee is therefore called the

multiplying power of the shunt.

Again from (33), in order that . “a we have

S ] _ G&Ga8S To % 10S=G+S or 9S=G S 9

Thus in order to reduce the current through the galvano-

I . . G,
meter to 10 of the main current, a shunt of resistance 9 is

G
49’ 99’

should be used when it is necessary to reduce the galvano-

to be used. Similarly, shunts of resistances etc.

] .
meter current to —- , etc., of main current.

50’ 100

Art 70 We have seen in the preceding article

Universal that in order to reduce the current through

shunt a galvanometer in a desired ratio, shunt of

the corresponding resistance a
——__{G |}

is to be used. Hence different

galvanometers require different

shunts to serve the same

purpose. A shunt known as

a universal shunt has however

been designed, which may

be used with galvanometers of

all resistances. Fig. 114

A universal shunt consists of several steps A1Ag, A2As,

yM. 10 *
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A3sA,;, A,As of resistances 10, 90, 900 and 9000 ohms

respectively. A handle rotating about C may be made to

connect any of these steps. The galvanometer terminals are

connected to Aiand As. The leads for the main current are

joined to C and A1. When the handle connects As all the

steps are used as the shunt the total resistance being 10,000

ohms. Hence if ¢ be the main current the galvanometer
current

_;, 10000
G+ 10000

When the handle is rotated so as to touch A, the step

A,As is connected in series with the galvanometer. The
other steps are now used as the shunt the resistance of

which is 1000 ohms. The tota? resistance (galvanometer

circuit resistance+shunt resistance), however, is. stil!

G+10,000 ohms. Hence the galvanometer current is now

=n ¢ _1,000 _ 4.6 J of the previous val]**G+10000 “~ 10 Cee

By connecting the handle to As or Ag the current through

J ]
the galvanometer may be reduced to -=—- or —----g y 100 r 1,000 of the

former value.

Since these results are independent of the value of G such

a shunt may be used with any galvanometer.

N. B. By using other resistances for the different steps

or by increasing the number of steps other fractions of the

original current may be made to pass through the

galvanometer.

In the simple cases discussed in the

Gn a previous articles Ohm's Law is sufficient to
irchoft ° solve the problems. But in more complicated

cases more generalised laws must be used.

These are known as Kirchoff’s Laws.

Kirchoff’s Laws are as follows :—

Istlaw: In any electric circust the algebraic sum of currents

meeting at a potnt 43 zero. :
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In this law the word algebraic is important; it means that

in summing up the currents proper attention must be paid to

D the signs of the currents.

The signs are determined

by the convention that

currents coming towards

a point and currents

going away from the

point, are opposite in

signs ; it does not matter

which we call positive

and which negative. This

law is more or less self-

evident. In Kig. 115

currents ¢1, #2, ¢s, #13 meet

at the point B. Since

there can be no accumula-

tion of current at B

ti ttis=tetts

$. 6. ia +( — ta) +( 48) + #13 =0.

and law: In any network of conductors tf we consider a

closed ctrcust then the algebratc sum of products of reststances

tnto corresponding currents tn the respective branches of the

closed circutt, ts equal to the total HE. M. F’. tn the circuit.

For the purpose of this law any closed circuit may be

considered. Thus in Fig. 115 we have a large number of

closed circuits, viz, ABHA, ABGEFA, ABGDEFA,

ABCDGEFA, CDGEHBC, ete, ete. In any circuit currents

in different branches are either clockwise or anticlockwise

and hence, are of different signs.

In Fig. 115 let the resistances of the different conductors

in the network, be r1 72 73°: and currents in these

conductors, 41, éa, §3, ... Then,

in the circuit ABHA, t77r7 ~ te%s — 0171 TM Hi

” » CDEGC, 111711 + 14714 + 1373 — tars = 0

» ys BGEHB, 433718 — $11711 — f10710 + #873 TM Ha — Es

etc., etc., etc.
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N. B. If there be no battery in a circuit the total EK. M. F.

in the circuit is zero; if there be two or more batteries in

the circuit proper attention must be paid to the way in

which they are connected, ¢.e¢e. whether they are in series or

in Opposition.

Art 72 Applications of Kirchoff’s Laws
{

1. Let three cells A, B, Cof HE. M. F’s Ei, Es, Hy and of

interna] resistances 71, rz, 73 be connected in reali sO as
to send a currents through an external

resistance 7. Let the currents through A(E,.*) \
the different cells be #1, ts, 43. P, f

Applying Kirchoff’s 1s¢ law to the
4

point P or Q we have is CEs.)

tatiet+is=$ (1) y |
D

Applying Kirchoff’s 2nd law Fig. 116

to the circuit PAQDP, tarit+ir=Ey ose (ss)

»9 y9 PBQDP, teratir= Es eae (iss)
5 » PCQDP, ts73+¢7= Es we (sv)

Dividing the last three equations by 71, rz and rs respec:

tively and adding

ee .f7 :( atinti ti (+7 42) am, B is
Tl #12 73 71 73 T3

Since from (¢), ftitiotis=4, we have

, r 4¢ lt+--4+-—+4+— i _ ia , Ee Es
71 T2 8678 71 72 3

ee t is found out. —

Hence from (#4), (tt), (tv) 41, #2, is may also be determined.

N.B. In this problem the HE. M. F's and the resistances are supposed

tobe known, The currents ¢3, 12,73, ¢are four unknown quantities.

We therefore require four equations to determine them. Kirchoff’s Ist

law gives us one equation. To get the other three equations, we have

applied Kirchoff's 2nd law to three circuits. It may be noted, however,

thatin this problem we have altogether six closed circuits, viz., the
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three circuits already considered and three others PAQBP, PAQCP,

PBOCP. If Kirchoff’s 2nd law be applied to each of these six circuits,
we may have six equations; but only three of these equations are

independent. It is immaterial which three we take; final result is

always the same. But by properly choosing the circuits—as we have

done—calculation may be made rather easily. .

Wheatstone’s Let four resistances P, Q, R, 8, be connec-

Net ted asin Wheatstone’s Net. A galvanometer

of resistance G anda battery of E. M. F. E are connected

as shown in Fig. 117. Let B be the resistance of the battery

circuit and let currents be distributed as noted in the figure.

It will be seen that in assuming the distribution of currents

Kirchoff's Ist law is tacitly applied.

Let us now apply Kirchoff’'s 2nd law to the three circuits

ABDA, BDCB and ABCEKA.

From ABDA Pa+Gg—-R(b-2z) =0

, BDCB Gg+S8(b-a2+g)—-Qa- 9) =0

» ABCEA Pa2+Q(e-g)+ Bb=E

Re-arranging terms, we have

Gg t+a(P+R)-dR=0

(G+S+Q)9-2(S+Q)+b8=0

—~QOgt+a2(P+Q)+Bo=-E
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P+R -R 0

-(S+Q) S 0

. P+Q B k,

eT "G P+R -R
G+5+Q -($+Q) S
-O P+O B

Expanding the numerator in terms of the last column we
have

Numerator = E) P+R —-R |

|
|-—(S+Q) S

= E{S(P + R)—- R(S+Q)}= E(PS — QR)

Hence numerator is zero when PS=QR, ¢. ¢ when

P

Q
the current through the galvanometer is zero.

Miscellaneous Problems.

1. Let twelve wires, each of resistance r, be connected

in the form of a cube. It is required to find the effective

resistance of this cube when a current enters the cube at one

end A and goes out from the diagonally opposite end C’,

From symmetry the main current ¢ on arrival at A is

divided into three components, each equal to #/3 along AA’,

* The solution of simultaneous equations, may be obtained easily

with the help of determinants. Thus

if ait bry t+e1zTM di

are + bey + caz = dz

age + bgy + c3z = d3

b1 ¢1 di ai C1 dy Qi b1 di
+ be ce de a2 cz dz az be de

| bs cs ds G3 ¢3 da as bs ds

@ ai 61 c1 y a1 61 ¢1 a1 b1 c1
az b2 Ce ag bz Ce | az b2 ca
as b3 C3 as bz c3 as bs cs
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AB and AD. Kach of these components is again divided

equally along corresponding two other wires.

Fig. 118

Hence V ae =(V. -v,,) + (V, - Vio) + (V -V o

-toi4t.,f . St
gg TT 3 6 ”

If we now replace the cube by a single wire of resistance

R joining the same two points A and C’ we have

VAn~ VC ER.

Tyo Ot ; OrHence tH a R 6:

2, Leta cell of E. M F. 4 volts

have an internal resistance of 6

ohms. Let its terminals be

connected to the two ends A and B

of a resistance of 10 ohms. Then

4
the current= 6410 + amp.

.. VA—VB=current X resistance

J
= 4 x 10 =2'5 volts

Since A and B are connected to the plates of the battery,

the P. D. between plates = 2'5 volts.

If the external resistance be changed the P. D. between the

plates also changes.

Thus although the P. D. between the plates of the cell on

open circuit (§. ¢, when the plates are not connected by any
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external resistance) is 4 volts, that on closed circuit drops

down to a lower value depending upon the external

resistance. Thus although the E.M. F. of the cell is always

the same, the P. D. between the plates of the cell depends

upon the external resistance and is therefore different in

different cases. It isto be noted that the E. M. F. of the cell

is equal to the P. D. between the plates of the cell on open

circuit. Jf however the cell has no internal resistance the
P. D. of the plates of the cell on open circuit is wee the

same as that on closed circuit, ¢. ¢. in this case the K. M. F.

of the cell is the same as the P. D. between the plates pf the

cell, even when the cell is on closed circuit. |

When the terminals of a cell are joined by a 5 ohms wire the

difference of potenttal between them is 1% volts. If a second wire

of the same reststance 1s connected in parallel with the first one

the difference of potential is reduced to 1? volts. What will be

the potential difference if a third wire of the same reststance 18

connected in parallel with the other two ?

Let EB be the E. M. F. and r the internal resistance of the

cell. When the external resistance is 5 ohms the current is

Br Hence the P. D. between the terminals is

B.5 2 F 1ee = 1 3 or ber a) 3 “ee (a)

When the second wire is joined in parallel the external

resistance becomes 8 ohms. In that case P. D. is

E8 ‘5 3 x, 2 b

Sr =17 7 or 5+2r 7 (0)
Solving (a) and (b) E=2, r=1.

When the third wire is joined in parallel the external

resistance becomes 3 ohms. In that case P. D. is

KS _5E 1
= —~ vol
Bar 54+3r =I vou

A battery of 6 volis B. M. F. and 0°56 ohm internal resistance

és joined in parallel with another battery of 10 volts EB. M. F. and

internal resistance 1 ohm and the combination is used to send
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current through an external reststance of 12 ohme. Calculate the
current passing through the different parts of the circutt.

C. U. 1935

From Kirchoff’s first law

AR . im-iitia =. (a)
a bt Applying Kirchoff’s second

Pe - Q law to the circuit PAQRP

a O'Sit+12=6 + (db)
Y B ‘ and to the circuit PBORP

f2+128=10 «.. = (c)

+ Solving (a), (b) and (ce)
R

. 2 : 84
Fig. 120 t=,7 amp Ws — 37 amp and

A - a gs
fe OS amp. ‘The negative value of #1 indicates that the

37

current through the cell A flows in a direction opposite to that
indicated in the diagram.

In a wheatstone's net the four resistances are equal and the
galvanometer is replaced by a battery of the same EH. M, LF’. as the
one already present. If the resistances of the battery circusts are

each the same as those in the other four arms find the currents.

Cc. U. 1944

Let E be the E. M. F. of each battery and r the resistance

of each branch. Let the distribu- B

tion of currents be as shown in tx

the figure. wy v
Applying Kirchoff's second 4

law to the circuits ABDA, BCDB A C

and ABCPA, NX

rs—a2)+ry—-ra=E h t As .
E ce Vu

or ~Qetytim-_ o- = (1) D

rat+y)—ré-a-y)+ry=E . It ~~
. &E

or Wwt3y-ie , (2) Fig, 121

and ra+r(aty)trimE or Qoty tie — wee (3)

Solving (1), (2) and (3) ine, ¢=() and yaa Hence
the currents in different branches can be found out.
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Exercise VIII

1. Compare the resistances of two wires of the same

material, one of which weighs 2°53 gms and is 3°6 metres long,

while the other weighs 1°67 gms and is 4°2 metres long.

Ans. 1: 2°06.

92. Auniform glass tube of internal diameter 0'1128 om.

contains mercury- If the resistance of one metre | of this

mercury be 0'9407 ohm find the sp. resistance of mercury.

Ans, 94°01 x 1076 nse om’,
3. (a) Describe a dry cell.

(b) Describe a standard cell. Why is it so called ?
4. Write short notes on Ohm’s Law.

When the terminals of a cell are joined by a wire of

resistance 7 ohms the current is 025 amp; when the wire is

of 15 ohms resistance the current is halved. Find the HK. M. F.

and the internal resistance of the cell. Ans. 2 volts ; 1 ohm.

5. Find the resistance of a cubic centimetre of copper

(a) when drawn out into a wire of diameter 0°32 mm and

(b) when hammered into a flat sheet of thickness 1'°2 mm, the

‘current flowing perpendicularly through the sheet from one

face to the other. [Sp. resistance of copper is 1°59 x 10-6 J,

C. U. 1944. Ans. (a) 2°46 ohms (0) 2°29 x 10-8 ohm.

6. State Ohm’s Law and describe how you would verify

it sxperimentally.

A galvanometer of 50 ohms resistance shunted by a

wire of resistance 5 ohms is in series with a cell of EK. M. F

2 volts and an external resistance of 100 ohms. Find the

current through the galvanometer. [ Internal resistance of the

cell is to be neglected |. Ans 000174 amp.

7. A galvanometer of resistance 100 ohms is in series with

a battery and a resistance of 200 ohms. The galvanometer is

shunted by a wire of 5 ohms and at the same time the external

resistance is reduced to some value R so that the deflection of

the galvanometer remains the same. Find R. Ans 9°52 ohm.

8. Whatisa shunt? Explain ita use in an actual electric

experiment. Explain the use of a universal shunt. ©, U. 1949
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The resistances of different steps of a universal shunt are

10, 90, 100, 800, 1500, 8000 obms respectively. Find to what

fractions the galvanometer current may be reduced when this

. . 1 111 éii%t1
universal shunt is used. Ans. 5 90 60 100 1000"

9. What are the resistances of the different steps of a

universal shunt which when used with a galvanometer, may

1 1 11 1

5 10 60 100 °TM 500
of its maximum value? Ans 1, 4, 5, 40, 50, 400 obms or*any

multiple of this series.

10. 80 exactly similar cells sre to be arranged in mixed

circuit to send & maximum current through an external

resistance. If the internal resistance of each cell be one fifth

of the external resistance find how the cells are arranged.

Ans. 20 cells in series in one row and4such rows in parallel.

11. Find the maximum current that can be sent through a

wire of 4 ohms resistance with the help of 12 cells. Each cell

is of E. M. F, 1'5 volts and of internal resistance 2 ohms.

Ans. 0°9 Amp

12. What is meant by the E. M. F. of a cell on open

cirouit 2? Why is it different from that on closed cirouit ?

A voltmeter of internal resistance 35 ohms is connected

to the terminals of a battery of KE. M. F 2 volts and of internal

resistance 5obhms. What voltage will the voltmeter indicate ?
Ans. 1°75 volts.

13. The E. M. F. of a battery is 20 volts. If the terminals

of the battery be joined by a wire of resistance 8 ohms the

potential difference between the battery terminals falls to 16

volts. Find the internal resistance of the battery. Ans. 2 ohms.

14. The terminals of a battery are joined by 8 wire of 7

ohms resistance and the potential difference between the

terminals is found to be 14 volts. When the wire is replaced

by another of 4 ohms resistance the terminal potentialdifference

drops to 12 volts. Find the E. M. F. and the internal resistance

of the battery. Ans. 18 volts ; 2 obms.

15. ‘Ten cells in series are used to send a current through

-reduce the galvanometer current to
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@ wire of 7°5 ohms resistance. A high resistance voltmeter

connected to the terminals of the battery indioates 15 volts.

When the baftery is on open circuit the same voltmeter records.

20 volts. Find the E. M. F and the internal resistance of each

cell. Ans. 2 volts ; 0°25 ohm.

16. State and explain Kirchoff’s laws on the distribution of

currents in a net work of condustors.

A battery of E. M. F. 12 volts and of internal resistance

6 ohms is connected in parallel to another of E. M. F\8 volts

and of internal resistance 4 ohms. The terminals pf the

composite battery so formed are joined by a wire of resistance
12 ohms. Calculate the current passing through the different

parts of the circuit. Ans. 1, —% amp ; #270: 4=4 amp.

17. Four wires of resistances 2, 4, 6 and 3 ohms are joined

end fo end, so as to form a quadrilateral ABCD. Another wire

of resistance 5 ohms joins the diagonal points Band D. If

the terminals of a battery of E.M. F 4 volts be joined to A

and © find the current through the 5 ohm resistance. Find

also the equivalent resistance of the net work of conductors.

Avs. 0 amp: 36 ohm.

18. The four arms of a Wheatstone’s net are of resistances

5, 2, 6, 4 ohms respectively. One terminal of the galvanometer

(resistance 20 ohms) is joined to the junction of 5 and 2 andthe

other to the junction of 6 and 4. If the cell joined to the other

junctions, be of FH. M. F, 2 volts and of negligible internal

resistance find the current through the galvanometer.

Ans. 0'026 amp.

C. U. Questions

1959. State Kirchoff’s Laws of distribution of electric

ourrents in a net work of conductors.

A battery of E.M.F.6 volts and internal resistance 0°5

ohm is joined in parallel with another of E. M. F. 10 volts and

internal resistance 1 ohm and the combination is used to send

current through an external resistance of 12 ohms. Calculate

the current through each battery. Ans. —~amp,; 108 amp.
8

3”
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1962, State and explain Kirchoff's Laws as applied to an

electric network of conductors.

State briefly how these laws are applied in a Wheatstone’s

net work of conductors.

A battery of E. M. F.12 volts and of internal resistance 6

ohms is connected in parallel to another of E. M. F. 8 volts and

internal resistance 4 ohms. The terminals of the composite

battery so formed are joined by a wire of resistance 12 ohms.

Calculate the current through this last mentioned resistance.

Ans $ amp.

1963. State and explain Kirchoff’s Laws as applied to an

electrical network.

The positive poles of two cells of E. M. F’s 2V and 1'5 V

and each of internal resistance 1 ohm are connected by 4 uni-

form wire of resistance 10 ohms. The negative poles are also

connected by o similar wire of resistance 6 obms. If the

middle points of these two wires are connected by a resistance

of 2 ohms, caloulate the current flowing through this wire and

also the potential difference developed between these two points.

7 q
Ans, yg 8TMP i 73 volt.

1965. State and explain kirchoff's Laws for the distribution

of currents in a network of conductors.

[ Problem worked out on Page 152 J.

1966. State Kirchoff’s Laws for the distribution of currents

in a network of conductors.

In a Wheatstone’s net ABCD the resistances in ohms

are AB=10, BC=15, AD=20, DC=25 and BD=10. If the

bP. D. between A and C is 20 volts find the current distribu-

tion in the network, neglecting the internal resistance of the

battory.

Ans. Current in AB=— amp, in AD== amp, in

2
BD= 1 BO<!3 amp, in DOW TM7j emp. in BC ee DC g] *TMP-



CHAPTER IX

HEATING EFFECT OF CURRENT

If two points A and B maintained at

Art 73 different potentials,—say, by connecting them

Heat generated to the plates of a battery, be joined by a wire

a current flows from higher potential| to lower

one. A current however means rate of flow of charge. If a

current « flows for a time ¢ it means that a charge O (it) has

passed through the wire. If E be the P. D. between the points

A and B, the work done in carrying the charge Q from A to

Bis EQ= Et. Energy thus spent reappears as heat in the

connecting wire. Thus if a current ¢ flows for a time {

Heat generated = Kit

=s"Re

ki”

R

Thus from the first equation, heat generated is proportional!

to any one of EH, ¢ and ¢ when the other two remain constant.

This is Joule’s Law of generation of heat.

In working out numerical problems attention must be

paid to the units used. The following relations should be

remembered :—

Volt, Ohm and Ampere are practical units.

(34)

.t

One Volt = 10°C.G. S. units of E. M. F.

»? Ohm = 10° 99 99 * Resistance.
,, Ampere = 107 _,, »» gg Current,

If two of these relations be remembered the third may be found out

by Ohm's Law.

If E. M. F., resistance and current be expressed in C. G. S.

units and time in seconds the heat generated as determined

by equation (34) is also expressed in C. G. S. units of energy,

é.¢. in ergs. Again, since one calorie=4'2 10" ergs*, in

order to convert ergs into calories, we must divide by 4°2 x 10”.

N.B. One Joulem107 ergs. Hence one calorie=4'2 Joules,

This is what is called J the mechanical equivalent of heat.
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Thus if a current of sf amperes flows through a resistance:

of R ohms for ¢ secs

Heat generated =(¢ x 1077)? x (R x 10°) * ¢

=47Rtx 10" ergs

2*7Rt x 107

42x 107
he .

= 9 calories nes bee (34a):

Thus if + and R be measured in practical units and tin

secs, we may use the simplified formula (34a).

Problem

A wire of 8 ohms resistance is immersed in a calorimeter

containing one litre of water at 20°C. If a current of 5 Amps

passes through the wtre for 10 minutes, find the final temperature.

3 x
Heat generated = 5 x8 ae x60 calories

Mass of water=1000 gms. If @ be the rise of temperature

we have

5° x 8 x 10 x 60

5°7x8x 10x 60, @ Soe eee .

_ 4°2 x 1000 286 C
.. Final temperature=20 + 28°6= 486 C

Art 74 Power is the rate of expenditure of energy,

Power t.e power is equal to energy divided by

time. Thus from the preceding article power

. eg says EK?
consumed in a circuit is Es or #?R or R

The practical unit of power is Watt. Hence if H, ¢ and

R be expressed in practical units the power consumed= Ez,
E?

e*R or z Watts.

Thus Power=E. M. F. x Current.

or Watt = Volt x Amp.

In C. G. S. units one Watt

= 10° x 107}=10" ergs. per sec= one Joule per sec.
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One Horse power (H. P.) =550 ft-ibs. per sec.

= 5509 foot-poundals per sec.

since one foot = 12 x 2'54 cms.

and one Ib = 4536 gms.

One Horse Power = 550 x 981 x 12 x 2°54 x 453'6

=746x10’ ergs persec '

=746 Watts.

Again, energy consumed =powerXtime. If a pdwer of

one watt be consumed for one hour the energy consumed is

one wattXone hour or one watt-hour. One Kilowatt-hour

= 1000 Watt-hours. |

This Kilowatt-hour (or K.W.H.) is the unit used in electric

consumption. This is also called Board of Trade Unit or

B. O. T. unit or simply B. T. U- Thus, if a bulb marked

220 volts 40 watts be lighted for 25 hours the energy

consumed = 40 X 25=1000 watt-hours=1B.T. U. If the cost

of one unit (one B. T. U.) of electricity be 4 as, the cost of

lighting such a bulb ( 40 watts) for 25 hoursis4as or 25

pice, +. 6. the cost per hour is one pice.

A dynamo supplees current to 200 25-candle power lamps. If

each lamp absorbs 1°2 watts per candle and tf the difference of

potential at sts terminals be 200 volts, find the current from the

dynamo. tnd also the cost of lighting these lamps for 12 hours,

the cost of one B. T. U. being 6 as.

Power of each lamp 25 x 1'2=30 Watts,

.» Current through each lamp=—22 = 3 anip
200 3=20

Current from the dynamo=Current through 200 lamps.

3
= oy” X 200 =30 amps.

Again, Power consumed by each lamp=30 watts.

-. Power consumed by 200 lamps =200 x 80 watts.

Energy consumed by these lamps in 12 hours

= 200 x 80 x 12 watt-hours

= 7/2 Kilowatt-hours,

es Required cost=72x6 as= Rs, 27,
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Art75 The heating effect of the current has been utilised

in the industry in nunierous ways. The most important

is perhaps the construction of electric bulbs. Edison was the

firstTM to place incandescent lamps on the market. He succeeded

in preparing carbon filaments by carbonising bamboo threads

and using them in glass bulbs. As carbon readily combines

with oxygen at higher temperature it was necessary to

evacuate the bulbs as completely as possible. Although

carbon melts at avery bigh temperature ( about 42U0U°C ) its

running temperature cannot be raised beyond 1865°C, as

otherwise it rapidly disintegrates and blackeus the walls of

the bulb. A further disadvantage is that with increasing

tem perature its resistance diminishes; as a resuit, it is very

sensitive to small fluctuations of the E. M. F. applied. Now-

adays carbon filaments have been almost entirely replaced

by metal filaments. After numerous trials tungsten has

been found to be the most suitable metal for the purpose.

Its melting pointis as high as 3390°C and it can stand a

running temperature of 208U°C. Usually such bulbs are

hard bulbs, ¢. e. the inside air is pumped out. In certain bulbs

however—specially in high power bulbs—air is replaced by

some inactive gas such as nitrogen or argon. These bulbs

last longer and the temperature of the filament can also be

raised to as high as 2625°C with safety.

There is hardly any defiuite relation between the candle

power of the light emitted and the power consumed by a bulb.

Usually for a ‘hard’ bulb the candle power is somewhat

lower than the number of watts consumed. Thus, for a bulb

requiring 30 watts, the candle power is in the neighbourhood

of 25. For gas filled Jamps manufacturers claim that the

candle power is double the number of watts. ¢. e. for balf a

watt the candle power is one. Thus for a gas-filled Jamp

consuming 75 watts, the candle power is believed to be about

raw,
e

* Panoveriar teacher Heinrich Goebel was the first to invent

carbon filament lamps in 1155. He however used them for his

personal use,

BR. M. Il
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150. Such lamps are therefore sometimes called half watt

lamps.

Art 76 We may here profitably discuss different methods

by which electric energy may be converted into light energy.

The lamps which have so far been described in the preceding

article are known as glow lamps ; they depend upon genera.

tion of heat when an electric current passes thropgh & Wire.

There are however other methods by which electric energy

may produce luminosity.

Arc lamps. The earliest method is perhaps due to what is

known as the electric arc. If two carhon rods forming part of

an electric circuit are brought into contact and then Separated

to a distance of about 6 mm a luminous arc is formed between

them, the arc itself being the conducting path between the two

rods. After a short time the ends of the carbon rods become

white hot and begin to emit light. Light is emitted mure

profusely from these ends than from the arc itself. Im fact the

end of the positive carbon contributes about $5%, that of the

negative carbon about 10% and the arc itself only about

5% of the total light. Slowly a crater is formed at the end

of the positive carbon while the negative carbon becomes

gradually pointed. The teu:perature of the positive end is

something hke 350u°C to 4000°C while that of the negative

only about 250U'C. Both the carbon rods are gradually

consumed. The positive carbon is however consumed twice

as fast as the negative. The cross section of the positive

carbon is therefore made twice as large as that of the negative.

When alternating* current is used both rods become pointed

and are consumed atthe same rate. In that case the rods are

made of the same cross-section area.

The potential difference between the two carbon rods

necessary to maintain an arc is given by the following

relation *—

R= ' atbi eee} Volts,

* Vide Chapter XVIII.
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where a, b, c and d are constants J the Jength of the arc in

mm ands the current in ampere. Itis found thatin the case

of continuous current a minimum potential difference of about

44 volts is necessary.

As the carbon rods are gradually consumed the distance

between the ends of the rods increases and there must be

some means for bringing them closer. Ultimately the carbon

rods have also to be replaced. The inconvenience due to this

has made the arc lamp almost obsolete in modern times.

A modification of this known as Flame Arc lamp is however

sometimes used. In such lamps small cavities made at the

ends of the carbon rods are filled with certain metallic salts.

When the arc strikes these salts are gradually vaporised and

this produces a brillantly luminous flame. The Flame Are

lamp consumes only about 0°3 watts per candle and is there-

fore much more efficient than even gas filled lamps.

Art 77 In modern times the | ionisation* of gases

Discharge lamps is being extensively utilised in producing

luminous sources. If an electric discharge is

passed through a gas at low pressure the gas becomes ionised

and light characteristic of the gas is produced. The mercury

Vapour lamps seen on festive occasions contains a little

mercury which when vaporised by the electric discharge

produces a brilliant greenish blue light. Neon on the other

hand gives rise to the characteristic red glow. The familiar

‘Neon signs” consist of long tubes containing pure neon at a

pressure of the order of a few mm of mercury. Similarly if a

tube be filled with sodium vapour brilliant yellow light is

produced by the electric discharge through the tube.

In a modified form the electrodes are themselves small

incandescent filaments. ‘These filaments are however used

not as sources of light but as _ sources

oemee of electronst. When these filaments are
made incandescent by an electric current ]

electrons are emitted and the presence of these electrons
Whetstone

* Vide Art 201 + Vide Chapter XX
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makes the tube conducting. The inside of the tube is coated

with fuorescent substances. And when the discharge passes

these begin to emit profuse quantity of light. Such lamps

kuown as fluorescent lamps are nowadays extensively used in

houses and also for street lighting. There is of course some

initial cost for installing these lamps but the low tate of

cousumption makes them very popular. |

An electric kettle or an electric stove is another example

of the application of the same principle. The conducting

material consisting of thin iron or platinum wire sttrounds

the keitle proper; the whole is covered on the outside with
a@ protecting material.

In electric furnaces also the same principle is utilised.

Thin platinum or iridium wires are wound round the

porcelain furnace. Very hizh temperature can be obtained

by passing large currents through these wires.

Art 78 In electric kettles or electric furnaces subs-
Efficiency tances are heated atthe expense of electric

energy. If there is noloss amount of heat energy obtained

is cqualto the amount of electric energy spent. There is

however always some loss of evergy due to conduction,

convection etce.; asa result the amount of heat energy 15

always less. The efficiency of the instrument is defined to be

amotnt of heat enerev utilised

amount of electhic euergy spent

This efficiency is always less than one.

NB. In order to find this ratio both must be expressed in

the Same unit, viz. ergs or calories.

An electric kettle taking 3 ams at 220 volts, brings one litre

of water from 18°C to the boiling point in 11 minutes. Find tts

efissency. (J=4'J8x 10") C. U. 1937

Heat generated by electric current

220 xB X11 x 60

4°18

s 104210°5 calories.

(Vide Art 73)
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Heat utilisec by beating the water

«= 1000 x (100 — 18) =§2000 calories

82000
.. efficiency= 0°79 or 75%

von

Art 79 etermination of Joule’s equivalent (J) by

electric method.

Callender & Barnes’ apparatus is the most suitable for

the purpose. A wire R usually made of platinum is enclosed

in a glass tube through which there is a steady flow of water.

‘A steady current tis made to pass through this wire. Heat

generated inthe wire produces achange of temperature in

the water as it passes through the tube. When the steady

state has been reached the temperatures 91 and 63 of water at

the entrance and at the exit, are carefully measured,

preferably by a platinum resistance thermometer (Vide Art

110). The temperature of the apparatus being now steady

no heat is absorbed by any of its parts.

Water flowing through the apparatus int secs is collected

and weighed; let its mass bem gms. If EF be the potential

difference between the terminals of the wire R, the amount

gs . at® , ;
of heat generated in time ? is 7 calories. Herce if s be the

average sp. heat of water between the temperatures 4; and @2

and if A be the amount of heat lost by radiation, we have

uae\ =ms (02-0:1) +h

The current ¢is measured by having a standard resistance

rin series with R and by measuring the potential difference

across r by means of a potentiometer (Vide Art 113). The
wernponammagnnene

® In this expression E and s are expressed in C. G. S, units,
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potential difference E may be measured by an accurately

calibrated voltmeter (Vide Art 93).

The amount of heat ‘h’ lost by radiation can be minimised

by surrounding the glass tube by a vacuum jacket and then

again by another constant temperature jacket. It may

ultiniately be eliminated by repeating the experiment with

different values E’ and «’ for the potential difference and the

current, the rate of flow cf water being however acjusted

so that the temperatures 61 and 92 remain the saméd. Radia-

ticn loss which depends on temperatures is therefore kept

constant. If m’ be the new mass of water collected \in time ?

we have a fresh equation |

team's (02-0) +h

Subtracting this equation from the previous one,

(Ei ~ F’s’)t
ae

Thus J may be determined.

=(m—m’) s(02—§;)

Exercise IX

1. A capacity 1 m.f is charged to 10,000 volts and suddenly

discharged through a fine copper wire. Ifall the energy went

to heating the wire, tow many calories would be adiabatically

liberated. C. U. 1943. Ans. 11°9 calories.

(1 m.f.=9* 105 E. S. units of capacity ; 300 volte=1. E. 8.

anit of BE. M. F\]

9. Two wires of resistances 20 chms and 30 obms respect-

ively are connected in series to the terminals of battery. A

third resistance x is to be used in parallel with 20 obms

resistance so that heat geverated in 20 ohms resistance reduces

to one-fourth of its former value. Find r. Ans. 12 ohms.

3. What is watt ? How is it defined ?

A 10 obm coil of wire is used to beat 1000 gms of water

from 16°C to 100°C in 20 minutes. How much current must
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be used ? What isthe amount of power consumed? If one

B. T. U. costs 4 as, bow much will you pay ?

Ans. 545 amp; 297°5 watts ; 2°48 Pioce

4. Whatisan arclamp? What areits advantages and

disadvantages ? Describe other kinds of lamps that are in use

in modern times.

5. A ourrent of 3 amperes passes through a wire of

resistance 05 ohm immersed in 100 gms of turpentine contained

in @ Copper calorimeter of mass 95 gms. Calculate the rise

in temperature produced in 5 minutes. {Sp. heat of copper

=()°095 and Sp. heat of turpentine = 0°42], Ans 6 3°C

6. A current of 4 amperes asses through a wire of

resistance U'54 obm immersed in water at 20°C. Ice 18 con-

tizuously added to water su that the temperature remains

o nstant. If 18'5 gems of ice are required in 15 minutes find

the value of J. ‘ Latent heat of water =80 calories. }

Ans, 4°20 10" ergs per calorie

7. A 650 volt lamp is to be run from a 220 volt supply.

Explain how tbis can be done. If the current through the lamp

be 0 5t amp. find how much power is taken from the supply

and how mach is actually consumed by the lamp. Ana. 1188

watts ; 27°0 watts.

8, In a house there are 15 20-candle power Jamps each

requiring 2°4 watts per candle. If these lamps are ured on an

average of 4 hours per day, calculate the cost of electrical

anergy consumed in a month of 30 days. One B.T.U. costs 5 as

Ans Rs 27.

9, Ina local inatallation there are (1) 200 30-watt lamps

(") $00 15.watt lamps and (3) 10 1°5-G. P. electric fans. What

ig the borse power of the driving engine ? What would be the

cost of electrical energy consumed in a month of 30 days if the

lamps avd the fans are run on an average of 6 hours and 8

hours respectively in one day. (One B. T. U. costs 5 as. J
Ans. 29°1. H. P ; Rs 142914 as.

10. Determine the H. P. of the dynamo used to feed 40

220 volt 80 watt inoandescent lamps. Determine also the
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total ourrent supplied by the dynamo. [1H. P.—746 watts |
Ans 1'61 H. P. ; 5°45 amp.

11. How many 25 candle power incandescent Jamps can be

ran by 1°2 H. P. dynamo, each lamp requiring 1°3 watts per

candle? If the supply voltage be 220 what is the resistance of

each lamp ? Ans. 27 lamps. 1489 obmas.

12. Define eleotrio power and efficiency and express the
former in OC. G. 5. units.

A 10 H. P. engine is used todrivea Syunmo\warpiving

current to £00 30 watt lamps. What is the efficienay of the

dynamo ? Als, 80°4%

13. A 1000 watt electrical kettle Fas an effciency 8¢%

How long does it take to raise one litre of water from 20°C to

tbe boiling point ? What is also the cost inourred if one unit

is charged at 5 as ? Ans. 6°59 mins ; 0°55 as.

C U. Question

1953. State the laws relating to the heating effect of a

ourrent through a conductor.

Tt takes 20 minutes to heat 2000 gms of water ab 30°C to

100°C with the help of an electric kettle. The heating coil af

the kettle has a resistance of 10 ohms. How much current 1s

taken by the kettle ? Whatis the amount of power consumed

by the kettle ? Jf one B. O. T unit costs 6 as bow much will you

pay? (water equivalent of the kettle is neglected).

Ans. 7 Amp; 490 Watts ; 6°13 p.

1959 (1) From the definition of difference of electrical

potential deduce an expression for the teat developed in a

conductor due to the passage of a steady current.

A 200 volt 500 watt kettle boils a certain quantify of water

in 15 minutes when connected alone to a ecoket. When two

such kettles. each containing the tame quantity of water as was

used in the first experiment, are connected in parallel to the

socket they take 16 minutes to boil. What is the resistance

of wiring from the mains to the socket ? Ans. 2°71 obms.

(2) Write short notes on “Glow and discharge lamps.”
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1957. State Joule’s Law for the rate of production of heat in

a coil of wire carrying acurrent. What isa Joule and a watt ?

Two resistances 20 and 40 ohms respectively csn be

connected to a source of EK. M. F. Compare the rates of heat

production in the two resistances when they are (a) connected

in series and (b) connected in parallel. Ans 1:2and2: 1.

1964. State and explain Joule’s law of generation of heat

in an electrio circuit.

Describe the experiment for measuring the mechanical

equivalent of heat by electrical means.

A 6£0 watt electric heater is designed to operate from

220 volt main power source. What is the rate of generation

of heat in oalories/seo ? If the line voltage drops to 200 volts

what power does the heater take ? (Change in heater resistance

may be neglected) Ans. 1571 cals/sec 545'5 watts.

1966 (Special) State Joule’s law for production of heat in a

coil of wire carrying a current. WhatisaJcule and a Watt ?

The heating element of an electric kettle bas a resistance of

53 obms. How long will it take to boil 15 kg cf water at

15°C when connected to a 230 volt supply ? Neglect losses.

(1 calorie=4°18 Joules). Ans. 89 mins.

1967. Obtsin an expression for the quantity of heat

developed in a resistor when a current paves through it for a

giveo time. Whatis Board of Trade Unit ? Find its value in

calories. (J = 4'2 cals). Abs. 8°57 105 oals.



CHAPTER X

ACTION OF CURRENTS ON MAGNETS

Art 80 In the year 1820 Oecersted of Copenhagen first

demonstrated that a wire carrying a current produces a

magnetic field in its neighbourhood.

Direction The directicn of the field at any\ point is
obtained by any of the following rules :—

(1) Ampere’srule: Suppose a man is swimming along
the wire in the direction of the current with his face towards

the point, then the direction of his left hand gives us the

direction of the field at the point.

(2) Maxwell’s Corkscrew rule: Imagine a cork screw

driven along the wire in the direction of the current. The

direction of rotation of the thumb gives tus the direction of

the field at any point. |

Magnitude The magnitude of the field may be obtained

from either of the following :—

(1) Laplace’s Law:

Let AB be a wire carrying a current ¢« At any point O

of this wire consider an elementary length ds. Then the

P

fo Yo

{ a
LO

hn
j

af
Fig. 123

field at any point P, due to the elementary current in ds, is

given by
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Fe! as cos 7
t

where OP=r and @ is the angle between # and the normal

to ds, the normal ON being drawn in the plane containing r

and ds. By applying either of the two rules ( for finding the

direction) it may be seen that the direction of the field at P is

perpendicular to the plane contained by ds and r(=OP). The

resultant field at P due to the whole of the current in AB may

be found by integration.

(2) Ampcre’s Theorem

Any closed circuit carrying a current “oN

¢is equivalent to a magnetic shell, the [
perimeter of which coincides everywhere

with the wire, the strength of the shell

being equal to the strength of the

current ViZ. #. .

The current being thus supposed to

he replaced by the shell, the potential

(magnetic) at any point due to the

shell may be determined (Vide Art 11): Fig. 124

and differentiating the potential, the intensity may be

obtained.

(3) Line Integral

This is an extension of Ampere’s Theorem.

Let AB be a closed circuit carrying a

current ¢. By Ampere’s Theorem this circuit

may he replaced by a magnetic shell of

strength +. If we now consider two points P

and © very close to the shell but on opposite

sides of it, V7 Vy 74am [ Vide Art 10,

equation (15) ] ¢. e. the work done in carrying

a unit North pole from P to Q= 47+; it must

be remembered however that the path along

which the unit North pole is to be taken

must nowhere cross the shell. Since the circuit carrying the
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current is actually in existence and not the magnetic

shell, the points P and Q may be made to approach each

other until they coincide. In thet case the path is a closed

one linked with the circuit AB. Thus we have the law ‘—

Work done in carrying a unit North pole round a closed

path once linked with the current z is equal to 47¢.

If the path be linked m times with the circuit work

done=47nji

Art 81 We shall consider a few examples illustrating

the above laws.

1. Straight Current,

Ist Method (a) BY LAPLACE’S LAW

3B Let AB be a= straight wire

carrying a current s. We are to

find the magnetic field at any point

P, Let CD be an_— elementary

portion ds of the wire. Then the

ficld at P due to the elementary

current in ds

aes

a & oy _ 1 dscos @
7

where PC*=r and L FCON=8@, CN

being normal to CD. Join PC, PD.

Drop FM perpendicular from P to

AB (produced if necessary), Let

it be equal toa. CE is an are of

Mr a circle whose centre is P and
Fig. 126 radius equal to PC; CE may be

regarded as normal both to PC and to PD.

Then LMPCG=LPCN=#, ». LCPE=dé

also LDCE= PCN =8@, for each is tbe com-

plement of the L NCE.

. a FM
“. dscos 9=CK=rd8 and >= 76 =cos 0

inn,

* Since CD is infinitesimally small it does not matter whether we

measure r from P to C or to D or to any other point in CD.
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t ds cos 8 sri8 sa0 = ¢ ens 9 8
Hence wr 3 == 3 =o =O

r r r a

*

.» For the whole of the wire the intensity at P is

Gy On

Fo f +.. cos 0 d= £| sin | = —— (sin 02—sin 61) «+ (35)
a a g. 2

QO, , 1

. . . * 7
If the wire be infinitely long 61= — Oy and fa=~

. $$ 8Fei fi-(-v} mr. -- ses oes (35a)
a a

(6) BY LINE INTEGRAL

Consider a point P

2nd Method at a distance a from |
an nfinttely leng LA

straight wire carrying a current & =

From P drop PA perpendicular to we NE

the wire. Then AP=a. With ¢ AL---£--.!p

centre A and radius AP describe a a me a

circle ina plane perpendicular to

the wire. From symmetry the

intensity F at every point of this

circle. is the same in magnitude

and from Ampere’s Swimuirg

Rule or from Max well’s Cork Screw Fig. 127

Rule its direction is found to be tangential to the circle. Now

intensity being equal to the force on a unit north pole, the

work done in carrying a unit north pole round this circle

=force X distance = 27a F

But this circle 1s linked once with the current .

.. By the theorem of Line Integral

omaF=4"i or Fa

* When the wire extends to infinity in both directions, @2 lies on

the other side of the normal and is therefore negative.
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II, Circular current

Art 82 (1) INTENSITY AT THE CENTRE. BY

LAPLACE’S LAW

In this case the radius

ry is normal to any elemen-

tary length ds of the |

circular wire. Hence
ds---~-7----.-

the angle between y and

the normal to ds, is zero.

Thus from Laplace’s

Law field at the centre

is given by Fig. 128

¢ds cos 8 ¢
F= > ---—-; =-7 2 ds

r v

¢ M14
a xX Orr —

T r

If there be 2 turns of the wire

F = enn eee eee (36;
7

The direction of the field is normal to the plane of the coil

and if the current flows clcckwise as shown in Fig. 128

field is towards the plane of the paper.

(2) INTENSITY AT ANY POINT ON THE AXIS

(a) BY LAPLACE’S LAW:
ist

Method Let AB represent a circular current of

radius r perpendicular to the plane of the

paper. Let P be any point on the axis at a distance z from

the centre O. Consider an elementary length ds of the wire

at A. Obviously PA is perpendicular to the element. Hence

by Laplace’s law the intensity at P due tothis elementary

current =. = tds .
PA? gst+at-
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But this intensity acts in a direction perpendicular to the

plane contained by ds and AP and hence perpendicular to AP. ;

Resolving this along OP and perpendicular to OP, we notice }

that the component perpendicular to OP is equal and opposite

to the corresponding component due to an elementary current

at the opposite end of the diameter through A. Thus if we

consider the field at P due to the entire circle the components

at P perpendicular to OP cancel one another. Hence we need

consider only the component along OP.

Due to the elementary current at A

this component. 2-75; sin 6 1% —fD rts” rg fpts gh

4ras
_ 2),

(7? + 9:4)

Hence for the whole of the circle the intensity at P is]

F= > — eS a may = as
(retat) (18 +2)

If there be n turns of the wire

Orns
——— see - eee 37}

(r? + @*) is ’ a)
Rea
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To an observer at P the current as shown in Fig. 123

appears antt-clockwise; the field at P due to this current is

along the axis aud is directed away from the coil.

(}) BY AMPERE’s THEOREM

Let AB represent a circular coil perpendi-

cular to the plane of the paper. Let P be any

point on the axis at a distance z from the centre O of the

2nd Method

4 ! ' ! ' ‘ i +7 '

4
j t 5 } t

® \ {
4
'

7?
( ¢ e a ' ’

anmw ows.
£

kx"

~ -
a ee fe med ee ee ee we ee oar = we 7 m=

Fig. 1380

coil. Wereplace the circular current by the corresponding

magnetic shell. By Ampere’s theorem the strength of this

magnetic shell is equal tos the strength of the current. Hence

Potential at P=¢ x solid angle APB*.

[ Vide Art 10, equation (14) ]

To find this solid angle we utilise the well-known theorem

Area of a sphere intercepted between any two parallel planes

=area of the circumscribing cylinder between the same two

planes, the axis of the cylinder being perpendicular to the

planes.

* ABisacircular coil and Pis an

external point on the axis of AB, J£P

be joined by straight lines to every

point on the circle AB then these lines

formacone. The solid angle APB of

this cone is the solid angle subtended

by the coil at P.
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We draw the sphere ACDE with centre P and radius PB.

The area ACB of this sphere intercepted between the plane

AB andthe tangent plane at C=corresponding area of the

‘circumscribing cylinder between the same two planes.

=9nrPD.OC

Hence the potential at P

V=2*Xsolid angle APB

mj x aFe8 ACB _ , 22PD.OC
PB PB

_.PC-OP= Oni x OW = om
PB ° PB

| OP) _. . §,_.

at {Imag m2 I Sat}
Intensity at P

pe —2V Long, tao 4 (r+0%) ve
ax rr” 4 a"

2
D:

2.2.

NPD Tet ata!
=2m4- --- 2 eT = O74 gr

r° to (72 +22)

Qtr¢
am -—--- * 3 -
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Art 83 Hil. Solenoidal Current.

‘Ist Method.

A 4 B

. ._, AB: 48
i a

uae (|

(a) (4) (d)

(c)

Fig. 132

The solenoid st.own in Fig 182 (a) is represented as a continuous

tube in Fig 182 (5).

E. M. 12
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Consider a solenoid of radius r carrying a current ¢. Let

AB be an elementary length dz of this solenoid. If the

number of turns per unit length ben this elementary length

contains ndw turns. This elementary portion may therefore

be regarded as a circular coil of nda turns with centre O and

radius equal to 7. Let P be any point on the axis at a distance

«from O.

Intensity at P due to the element AB

_ dani tdx

G8 + 97) “fa
' From the magnified diagram Fig 132 (c),

dz sin 6@BC=BP d0= ,/7?4 42 dé

dz ad

J+? sin
Intensity at P due to the element AB

and s=r cot @.

_ anes dt Q7nr? 1 aé

7h gg Jrtat ~ 72+ 7 cot? * sin O

Qtnrs add
= 6r? cosec? 6° sin 6 = 2rne sin Od

If #1 and 62 be the limiting values of 6 for the ends of the

solenaid [ Vide Fig 132 (d) ] the resultant intensitv at P
Ae Ae

= f{ I7n1 sin 0dé = - 2enil cos |
64 ay

= Inns (cos 61—cos @2).

If the solenoid be infinitely long so that the point P is

well within the solenoid, #:=0 and é:=z. Hence cos 0,~—1

and cos @2= -—1.

the intensity at any point within a long solenoid

= Ins [1 —-(—1)]=4r0n8 nee (38)

N,B. (1) Here » represents the number of turns per untt length
and not the total number of turns.

(2) This intensity is independent of the radius r.

(3) If we consider a point outside the solenoid, on the exis
produced and if to an observer at this point, the current in the solenoid

appears clockwise, then the intensity at the point is directed towards the
solenoid, 1. e. the solenoid carrying a current is equivalent to a magne:

with the South pole nearer the observer to whom the current appears

clockwise.
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Consider an endless solenoid, ¢. ¢. a solenoid wound in the

form of a ring of

Method radius a. Consider
a path along the

axis of this solenoid. From

symmetry the intensity F is

the same at every point of

this path and is everywhere

directed along the path.

Hence the work done in

carrying a unit North pole

round the path=F. 2za. But

if” be the number of turns

per unit length of the solenoid

0-001
VEY

ye ey
yy ¢:
SS os)
S =
OM \.
on ~---”_.. v—

— >

Ce SS

CA LSS
oA f \

(A 6 \S

(}~ y- n WN

4 i

Fig. 138

the total number of turns linked with the path = 2zan.
by the theorem of Line Integral

F, Ira 42. Qran. $

or F=4zrn1

But this result is independent of the radius a,+4. e. it

holds good for ali values of a. If we now suppose that

aisinfinitely large, the ring solenoid becomes an infinitely

long straight solenoid. Hence the intensity at any point

within an infinitely long straight solenoid=4zn¢

Art 84 Tangent Galvanometer.

Fig. 184

Description. A tangent gal-

vanometer essentially consists of a

vertical circular coil of wire ofa

number of turns, at the centre of

which a short magnetic needle is

pivoted. A light but fairly long

pointer usually made of aluminium,

is rigidly attached at right angles

to the needle. ‘The pointer rotates

on a horizontal graduated circle.

The instrument rests on a suitable

base provided with three levelling

screws.
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Adjustment. The instrument is first levelled ; the coil is

then rotated until the plane of the coil comes in the magnetic

meridian, ¢t.e. the magnetic needle and the coil lie in one plane.

This is done in order to make the field due to the current perpendi-

cular to that due to the Earth, as otherwise the formula as deduced

below breaks down.

Theory. If a current sis now passed through the coil the

nt
intensity at the centre due to this current is F an and

this is at right angles to the coil, where n= no. of turns and r=

radius of the coil. [Vide (36) Page 174]

The intensity dueto the Earth's horizontal component

is directed along the magnetic meridian, ¢. e. is parallel to the

coil,

4

4
The magnetic needle is therefore

acted on by two fields, F due to the

current and H due to the Earth at

right angles to each other. If the

resultant field make an angle @ with H e

we have

arr

tan gah anne rae
H ri Fig. 185

rH H
fo tan Oa — LeOT t=. tan G tan 9 (39)

2M
where G=---

,

.. On passing the current the needle rotates through an

angle § given by the equation (39).-

._ A,
The quantity Gq is called the reduction factor and G is

called the constant of the galvanometer.

N.B. In the above theory we have tacitly assumed that intensity

at the centre of the coil is the same as that at the poles of the magnetic

needle, This is approximately true only when the size of the needle is

extreniely short in comparison to the radius of the coil. Hence the

necessity of the shortness of the needle,
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Writing k for a, i=ktand ... (892)

«. log é=log k+log tan 9.

Hence, differentiating,

di sec*0d0 ao 240

¢ tan 9 sin@cos@ sin 20

w

¢ @ ® e
7 represents the proportional error in measuring the

current ¢; this is minimum when sin 24 is maximum, ¢ e.

when 26=90° or 9=45°

Art 85 Sine Galvanometer.

This instrument is essentially the same as the tangent

galvanometer ; the only difference is that in this case the

vertical coil can also be rotated about a vertical axis and the

amount of rotation can be measured by another graduated

horizontal circle attached to the base.

To use it the instrument is levelled and the vertical coil

is brought to magnetic meridian as inthe case of a tangent

galvanometer. When the current

is passed the needle is deflected.

This deflection however is not

measured. Instead the vertical

coil is rotated in the direction of

the deflection of the needle. The

deflection of the needle thereby

increases but at a much slower

rate; ultimately the coil over-

takes the needle, ¢. e. the coil and

the needle again lie in the same

plane. The deflection ¢ of the coil from the initial position in

the magnetic meridian is now measured. The needleis now

acted on by two fields,—H slong the magnetic meridian and F

perpendicular to the coil. Since the needle is parallel to the)

coil the resultant of these two fields lies in the plane of

the coil.
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Hence sin p= ¥ = anne
c H rH

or ,= rH sin = sin } cos (393)
Qn

Since the maximum value of sin ¢is one the maximum

current that can be measured by a sine galvanometer is k.

There is however no such restriction in the case of! a tangent

galvanometer.

\

Art 86 In both sine and tangent galvanometers

Sensitiveness the instrument is sensitive if & is small;

for, in that case 9 (or ¢) is fairly large even if the

current is small. But k= sn To make k small we have to

reduce r & H and increase n. There is a limit to which each

of these can be adjusted. In the case of the radius, the

limit is reached when the size of the needle becomes apprecia-

ble in comparison tor. n also cannot be increased indefinitely

as otherwise 7 gradually begins to increase along with 2;

moreover the resistance of the coil is also unduly increased

so that not much advantage is gained thereby. The external

couple due to H can however be reduced to a very large

extent by the use of an astatic pair of needles.

Astatic pair If two magnetic needles of very nearly

equal strengths m and m’ be rigtdly joined

together so that they are parallel to each other but the

[c :

Y
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north pole of one points the same way as the south pole of

the other then the combination is said to be an astatic pair.

The horizontal component H of Earth’s intensity acts on

both the needles ; whereas if the coil be ,

wound round one of the needles [ as in (mn msm) H
Fig. 137 (a) |] the intensity F dueto the

current acts only on one needle of pole |

strength m. Thus the resultant force

due to His(m~m’)H but that due to |

FismF. Ifthe resultant of these two 9

forces makes an angle @ with H we

have —?
mF

tan d=, ME __ PTR
(m~m)H (m~m’)rH Fig. 138

or a= ven tan 0 ” (39c)
On passing the current the needle rotates through an angle

@ given by (39c). The reduction factor is now TH m~m'
2m% TM

Clearly this can be reduced to a very large extent by making

m nearly equal to m

If the coil be wound round both the needles but in such a

way that the current passes round them in opposite directions

fas in Fig 137(b)] the force due to the current becomes

(m+m’')F;: the reduction factor is altered to. -.——7

Clearly this is much less than what it is in the first case.

A galvanometer in which an astatic pair of needles is

used is known as an astatic galvanometer. Essentially it is a

tangent galvanometer with its reduction factor very much

Teduced.

As we have seen the theory of tangent galvanometer

Art 87 so far discussed depends upon the assumption

Helmholtz’s that the needle rotates in a uniform field of

gaivanometer strength F. This is approximately true only

when the size of the needle is small in comparison to the
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radius of the coil. This necessitates the use of a _ short

magnetic needle.

In Helmholtz’s tangent galvanometer this defect is removed

by using two parallel coils and having the needle midway

between the two. ‘The two coils are exactly similar but are so.

wound that the intensities at the mid-point C due to} the two
coils are in the same direction,

¢. e. the resultant intensity at C

is twice that due to a single coil.

Theory. Jet the two coils

be each of n turns and let the

needle be placed at C midway Fig. 139

between the two centres O and 0’, at a distance @ from either

of them, The coils are wound in sucha way that at C the

field due to the two coils are in the same direction and the

resultant field is therefore the sum of the two. Let r be the

radius of either of the coils. Then the intensity at C due to

one of the coils is given by

Qxnr’ t
, 37, [ Vide (37), Page 175 |

(r2 +02) “*

fF =--

As we pass from C towards either of the coils the field due

to one increases and that due to the other decreases.

Uniformity of the field in the space near about C is therefore

secured if the rate of increase of the field due to one of the

coils is equal to the rate of decrease of the field due to the

other, $s. ¢. if the rate of variation of the field is constant at C.

. .. @F . ag GF
te. if do =const, at C, ¢. 6. iif dz? OatC

Now Fe 270 t ge A(rtt+a%) 2 writing A for Qenr’s
(x? + 2?

.'s orm A(- 3)(r? + 27) 29m = —3Ar(r* +27) “3
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2h _ d — 7

.e an -3A f t+ 2% 2 + of — 3) (¢? + 2?) 20% i

=~ 3A { (+2)? 50% +0)

2 Fa

Since at =(, o (r2+0%) 2 = 5a%(7? +24) td)

® °e * ‘ 5or rit+e2—5z7 multiplying both sides by (r?2 +27)?

. Tr

or read” ., oo 9g OF =r

Hence in a Helmholtz’s galvanometer the coils are

separated by a distance equal to the radius of either of the

coils and the needle is placed midway between the two.

The resultant field at C due to the two coils is given

Danni —— Arnr4s
by F aan 9 x ee 4. 3/ om

4

}

we
(r3 +2”)

_ Atari 32mnr*s 82TH:

)

Hence if 9 be the deflection of the needle at C we have

tan 0= F [ Asin Art 84: Fig. 135 ]

a B27
SrH,/ 5

j= 5rH,/ 5

32%

where k= SrH/ 5
32x72

N.B. Helmholtz’s galvanometer is also essentially a

tangent galvanometer.

tan = tan 0
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Exercise X,

1. State Laplace’s Law for the field ata point due to a

short element of current.

Obtain an expression for the field at the centre of a circular

coil; hence deduce the formula for the tangent galvanometer.

9. Obtain an expression for the field at a point near a long

straight wire carrying a current.

A current of 6 amps passes vertically vpmarat along 4

straight wire. Find the point where the field du to this

current balances Earth’s Horizontal Component. [H = 0°18}.

Ans. Ata point 6% cms west of the wire.

3. State the law expressing the equivalence of a circuit

carrying a current and a magnetic shell. Hence or otherwise

prove that the work donein carrying a unit North pole round

a closed circuit once linked with a current t, is equal to 4zs.

4, A current passes through a tangent galvanometer and

produces a deflection of 30°. Ifthe radius and the number of

turns of the coil be 15 cms and 50 respeotively find the strength

of the current. [H=0°18C.G. 8. unit. ] Ans. 0 05 amp.

5. Explain the principle of the tangent galvanometer.

Why is it necessary to use as small a suspended magnet as

possible in the tangent galvanometer.

A battery, a resistance R and a tangent galvanometer are in

series. If 500 turns of the coil of the galvanometer are used

the deflection is 45°. What would be the deflection if 50 turns

of the same coil are used? [ 500 turns of the coil have s

resistance 8B. | Ans. 26 34’

[ Hints :—If E be the E. M.F of the battery andr the

; ; E rH - 0
radius of the ooil, SR+R on x 500 tan 45

E rH
EH ineand oe a7 x 60 tan

10

Hence by division 6 may be found out ].

6. Explain how a tangent galvanometer may be used as &

sine galvanometer.
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When a certain ourrent passes through a tangent galvano-

meter the deflection is 45°. The plane of the coil is rotated

until it makes an angle of 45° with the magnetic meridian.

What would be the defiection if fhe same current now passes

through the galvanometer ? Ans. 67° 30’

7. A current of 0°02 amp produces a deflection of 60° in a

tangent galvanometer. If the radius of the coil be 20 oms, fiud

the number of turns. What would be the deflection by half

the current, if the instrument be used as a sine galvanometer ?

[H=0'18 C. G.S. unit] Ans. 496 ; 59° 58’

8. What is meant by the constant of a tangent galvano-

meter and what is its reduction factor? Explain why in

determining the reduction factor of a tangent galvanometer, the

deflection is made nearly 45.

If due to a certain ourrent the deflection produced in a

tangent galvanometer be 60° find what would be the deflection

when half the current passes through the instrument.

Ans. 40° 54’

9, What is an astatio pair of needles ? Desoribe two

methods of using an astatio pair in a tangent galvanometer.

What is the advantage of using an astatic pair ?

10. Deduce an expression for the magnetic field at a point

on the axis of a circular current.

A current of 0'5 amp passes round acircular coil of dia-

meter 20 cms. If the number of turns of wire in the coil be 50

find the intensity at a point onthe axis at a distance of 10

cms from the centre. Ans. 0°56 C. G. 8. unit

11. Explain the theory of Helmholtz’s tangent galvanometer.

In what respect is it superior to an ordinary tangent galvano-

meter ? .

12. In a Helmholtz’s tangent galvanometer the coils are

each of radius 10 oms and of 200 turns. IJfacurrent of 0°02

amp passes round the coils find the intensity af a point on

the axis midway between the coils. What would be the

deflection of a magnetic needle placed at this point ? (H = 0°36

©. G. 8. unit J. Ans. 0°36 C. G. S. unit; 45°
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13. Obtain an expression for the magnetic field at a point

well within a solenoidal current.

A solenoid 20 oms long is of 800 turns. If current of 0°25.

amp. passes round the solenoid find the field ata point well

within the solenoid. Ans, 12°57 C. G. 8. unié.

14. How is the field at any point within 4 golenoidak

current affected by the variation of (a) the diameter (b) the

length and (c) the total number of turns of the solenoid ?

A solenoid 60 cms long is wound with three layerdg of wire

of 800 turns each. If a ourrent of 2 amps. flows through the

solenoid find the field at a point near the centre. Ans. 327-

(Hints: Here n: SOX? = 40)

C. U. Questions.

1950. Obtain an expression for the magnetic intensity at a.

point on the axis of a ciroular turn of wire carrying an electri-

cal current. Deduce therefore an expression for the reduction

factor of a Helmholtz double coil galvanometer. What is its.

advantage over the single coil type. |

1962. Find an expression for the magnetic potential af any

point due to a closed circuit carrying a current.

The coil of a tangent galvanometer consists of 10 turns of

fine wire on a narrow ring of 22 oms radius. Find the inten-

sity atthe centre of the coil when 4 ourrent of one ampere

passes through the coil. What is the value of the reduction

factor of the galvanometer ?

2 . TH
Ans, 7 C.G.8 unit; 30 C.G.S unit.

1956. Obtain an expression for the field at any point on

the axis of a closed circular coil when carrying a current.

A tangent galvanometer consists of two equal ciroular coils,.

each of one turn and of radius 9 oms placed at 24 oms apart on

@ common axis, the needle being on the axis midway between

them. Find the galvanometer constanf. Ans. ins O.G.8 unit..
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1963. Give the theory of Helmholtz's galvanometer assum-

ing the intensity of the field at any point on the axis of a

g-

circular coil having n turns as F= afar 5 where r is the
(r? +7)?

radius of the coil and a is the distance of the point from its

‘centre.

Hence find the deflection of a magnetic needle when a

current of 0'5 amp passes through a Helmholtz’s tangent

galvanometer in which each of the fwo coils has 100 turns of

90 oms mean radius. [H=0°32C.G.5S unit ]. Ans 81° 54’,

1963 (New Course). Derive an expression for the magnetic

field intensity at a point on the axis of a ciroular turn of wire

oarrying an electric current. Describe and explain the principle

of operation of a Helmholtz double coil galvanometer and

indicate its advantage over the single coil type.

1966. Find the intensity of the magnetic field at a point on

the axis of a circular coil carrying a current. Describe an

instrument where this principle is used for the measurement

of current.

Find the field strength at the centre of a short coil 15 cms

in diameter containing 10 turns and carrying a current of 10

amps. Ans. 207 C,. G.S unié.



CHAPTER XI

ACTION OF MAGNETS ON CURRENTS

ACTION OF CURRENTS ON CURRENTS

Art 88 Laplace’s law states

that the magnetic field at P due to

an element of the current at O is

; 0
given by F: 9°08” where OP =r

and @ is the angle between r and ol“?

the normal to ds. If therefore ren

there be a pole of strength mat P

the force on the pole due to

the elementary current = mF =

mids cos 9 |
2 Hence by Newton’s Fig. 140

third law the force on the elementary current at O, due to
As ¢ 8

the pole m at P is mid a * But . is the field H at O

due to the pole m, the line of force at O being alongr. Thus

the force on an elementary current is Hids cos 9, where H is

the field in which the current is placed and 9 is the angle

between the direction of the field and the normal to ds, the

normal being taken in the plane containing ds and the line of

force at ds.

Straight current perpendicular to the magnetic field,

Let us consider a straight current sat right angles to a

qn nee en we nn eee nee magnetic field of strength H.

In the plane containing the

€------ cor cmerecm cree. current and the lines of force

Mi ifa normal be drawn to the
H€---nmjnn cere cerreee"" current, the angle between

Pa ne eccenn-------- the normal andthe direction

of the field is zero. Thus in

~~ - nee eee ------- ~~ this case 9=0° and cos @=1.

Fig. 141 ». the force on the current

= Hel where dis the length of the wire carrying the current.
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N.B. If the current be along the field the force on

the current is zero, because in this case 9=90° and cos 9=0.

The direction of the force is best given by Fleming's Left

Hand Rule :—Stretch the thumb, the fore-

Lefthand rule finger and the middle finger of your left hand

so that each is perpendicular to the other

two. Then if the forefinger be directed along the field, the

middle finger along the current #, then the thumb represents

the direction of motion, ¢. e. the thumb indicates the direction

along which the force is acting. Thus in Fig. 141 the force

on the current is perpendicular to the plane of the paper

and is away fromm it.

The left hand rule is best illustrated

experimentally by Barlow's wheel. A toothed

wheel capable of rotating round the centre is so placed that as

the wheel rotates different teeth dip into a cup of mercury one

after another. A horse shoe magnet is placed in such a way

that the two poles are on either side of the vertical tooth

dipping into mercury. The terminals of a cell are connected to

Barlow’s wheel

TUVTTVSETOOC va UOT UNUGAALER UY

Fig. 142

the centre of the wheel and mercury as shown in the figure so

that a current flows along the vertical tooth. Let us suppose

that the North pole is on the front side and the current flows
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downwards along the vertical tooth. By applying the Left

Hand Rule it can be easily seen that the force on the vertical

tooth is towards the right. The wheel therefore rotates in the

direction of the arrow. As successive teeth come into contact

with mercury the current flows through them and by the

action of the magnetic field the wheel goes on rotating. If the

direction of the current be reversed the wheel rotates in the

opposite direction. :

Art 89 The above principle is witilised in the

Suspended construction of a suspended coil galvanometer.

coil type This instrument—also known as D’Arsonval
galvanometer . . \ .

galvanometer—essentially consists of a coil of

wire suspended between the two

poles of a horse shoe magnet. A

spiral of wire at the bottom and the

suspension fibre at the top are the

two leads by which the current is

yer" made to pass through ‘the coil.

The suspension fibre is usually

S made of athin strip of phosphor-

bronze. Phosphorbronze is used

because it is conducting, is not

easily oxidisable and has a tensile

strength approaching that of steel ;

a strip is preferable to a wire

Fig. 143 because in that case the cooling

surface is greater.

Initially the plane of the coil is made parallel to the

lines of force of the horse-shoe magnet. If the coil is

rectangular—as is usually the case—the two horizontal wires

lie along the magnetic field and therefore experience no force

[ Art 88 ]. On each of the two vertical wires, however, a force

equal to Hél acts where His the strength of the magnetic

field, ¢ the current and | the length of the coil. The currents

in the two wires being oppositely directed the forces o2

them are also opposite in direction; the coil therefore

-experiences a couple of moment
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= Hel x 6 where 0 is the breadth of the coil.

=AHt?, A being the area of the coil.

If there be n turns of the wire the total moment is nAH3.

By the action of this couple the coil rotates: the

suspension fibre therefore becomes twisted. Equilibrium

takes place when the couple due to twisting of the suspen-

sion fibre becomes equal to that due to the magnetic

force. In the equilibrium position

if @ be the angle through which

the coil is rotated the moment of the

~ couple due to twisting of the suspension

fibre= 9, where p» is the coefficient of

torsion ; and since in this position the

arm of the couple (due to magnetic force)

is reduced to b cos 6, the moment of the

Fig. 144 couple =nHil x b cos 0=nAHi cos 9,

Hence nAHi cos = p80

yo Wg
nAH cos 0

Usually 9 is very small so that cos 9 may be taken
 to be

OT

equal to one.

1 be 8
nAH

=10 where k=—-! (40)nAH

The current is thus proportional to the angle of rotation 6.

‘ito measure 9 a small mirror is attached to the suspension

fibre, A ray of light reflected

by this mirror is incident on

a scale, When the coil

rotates the spot of light on

the scale is displaced and ———

6 is measured by this Fig, 145

displacement. A galvanometer fitted with such a reflecting

mirror is Known as a mirror galvanometer.

EH. M.18

ee
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The current necessary to produce a deflection of 1 mm on

a scale placed at a distance of | metre from the galvanometer

mirror, is known as the figure of merit of the galvanometer.

In modern galvanometers the pole pieces are almost

invariably cylindrical in shape. [ Vide Fig. 145] Further, a

soft iron cylinder (of the same shape as the poles) is placed

within the coil and is kept fixed in position, even! when the
coil rotates. This makes the field concentrated \and radial.

In this case, since the lines of force are radial, for all

positions of the coil the couple is nAHs. ence the

assumption that 8 is small and cos @ is one, is not vleeery
Art 90 A steady current when passed through a

an dae eoat galvanometer produces a steady deflection and

Galvanometers the amount of deflection gives us a measure

of the strength of the current. If however the current is of

very short duration (e.g. produced by the discharge of a

condenser) there is no steady deflection but the coil receives a

sort of impulsive blow and is jerked out of the initial position

by the sudden passage of tne current; but since the current

ceases to exist long before the deflection becomes maximum,

the coil tends to come back and after a few oscillations, is

again brought to rest in its original position. A current

existing for a short time means a quantity of charge passing

through the galvanometer; the first maximum ‘throw’ or

deflection of the coil gives us a measure of this quantity of

charge. In such cases it is absolutely necessary that the

damping should be made as small as possible. In suspended

coil type instruments this damping is mainly electromagnetic

in character and depends npor-the nature of the framework

round which the coil is wound. If the framework be made of

a conducting material, as the coil rotates an induced* current

is generated in the frame work and by Lenz's lawt this

always tends to stop the rotation of the coil. On the other

hand if the frame be of a non-conducting. material no such

induced current exists and there is no such damping.

* Vide Chapter XVI t Wide Art 147
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Galvanometers in which damping is reduced to a minimum
are known as ballistic galvanometers. In these instruments
therefore the coil is invariably wound over a non-conducting

frame. When the current ceases the coil oscillates a number
of times before coming to rest. These instruments are Suitable
for measuring quantities of electricity. If the damping is fairly
large—as is produced by making the frame conducting*—
the galvanometer is called dead-beat. In this case the coil may
make one or two osciallions at the most but usually it makes
no oscillation and gradually comes back to the initia] position
when the current is stopped. A dead-beat galvanometer is
suitable for measuring a steady current. It may be noted that
a suspended needle-type galvanometer may also be ballistic or
dead-beat according as the damping is small or large.

Art 91 Theory of Ballistic galvanometers

We shall now proceed to discuss the theory of ballistic
galvanometers. We shall first consider a suspended magnet**

type galvanometer.

If at any instant + be the current in a circular coil the field

at the centre is Gs where G= an Vide (36) Page 174 ]. If m
be the pole strength of the shortGim .in magnetic needle placed at the

Gim
centre of the coil the force on

Fig. 146 each pole is Gim. Let us suppose

that the current passes through the coil for a very short time

T so that the needle does not rotate appreciably before the
current ceases to exist. The force Gimoneach pole is there-

fore of the nature of an impulsive force and its action is to
give a sort of blow on each pole.

The force Gim acting on each pole for an infinitesimally
short time dt produces an impulse Gimdt. Hence the total

T

impulse in time T is f Gim di. But f{ tdt is the total
0 0

« If necessary, the damping may be further increased by other
methods, such as attaching small vanes to the coil and further by
immersing these in oil. . .

** A tangent galvanometer described in Art 84 is a suspended
Magnet type galvanometer.
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charge Q which flows through the coil in the short time T.,
Thus the total impulse produced on each pole is

T T

f{ Gim dt= Gm f idt=GmQ
0 0

In linear motion Impulse = mass X velocity,
In rotatory motion Moment of the impulse

moment of inertia xX ang ilar velocity
Again, inlinear motion Kinetic energy =4 x mass x (velocity) 2
In rotatory motion Kinetic energy

=X moment of inertia x (angular velocity)?

Let 2) be the length of the needle. The impulse n the two
poles beingin opposite directions the moment of the impulse

is GmQ x 21=GMOQ where M is the magnetic moment of the

needle. Due to this the needle begins to rotate with an

angular velocity w.

Hence GMO=lw oes eee (a)

where I is the moment of inertia of the needle.

When the needle starts rotating its kinetic energy

is $Ilw*. As it rotates it is acted mi

on by a controlling couple due to

Earth’s Horizontal component.

Thus oneach pole of the magnet !

AB a force mH acts. As the needle

rotates the couple due to mH tends

to bring the needle back to the ‘

original position CD. ‘The needle B

stops momentarily at the extreme

position when the work done mH

against the couple is equal to $ Iw’ Fig. 147

In this connection the motion of the

pendulum may be considered, When the

bob passes through the central position

it has some kinetic energy, Thereafter

as the pendulum passesto the extreme

position the pendulum bob rises through

a certain height#.e,the bob does work

a 2 against its weight. The bob comes to

~---D.---- rest when the work done against the
weight is equal to the kinetic energy

in the central position,

_— ee ee ee we eb ee ee ee a oo oe

Fig, 148
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Now when the needle comes tothe extreme position AB

work done against one of the forces mH (acting on B) is

mH x DE =mH (OD - OE) = mH (1-1 cos 9)=mlH (1 —cos @)

Hence total work done against both the forces

=2mlH (1—cos 6)=MH (1—-cos 6)

9
3 Iw*=MH (1—cos 6) =2MH sin? 5

or Iw?=4MH sin? , ove (2)

Eliminating w between (a) and (bd)

172? I? 4MH 62, 1wv _ 7 al 9 OF

O"" Gm? “ome * SIM
4H . g 9

= M qa? sin? 9 eve eee (c)

Further if damping be small the needle oscillates a number

of times before coming to rest. The period of this oscillation

is given by

T= 22 VJs

4r*4 |. T HT?g_ 47" i HT
or T MH °*'M 42°

HT? 4H 6g_ til 4H wgHence from (c) O"= 3 gz sin’ 5

oT? - Q

et $1n 9

. HT . @
ee O 7G 81 G wee vee (41)

. _ 0
$. O-k sin > eee oe (41a)

HT
where k= -G woe (41)

We shall now consider a suspended coil type galvanometer.

If at any instant ¢ be the current through the coil the force

On each vertical wire of the coil is Hs} where H is the strength
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of the magnet and / is the length of the wire. If the coil be of

n turns the force oh each vertical arm of the coil is nH. Let

us now suppose that the current passes through the coilfora

very short time T so that the cotl does not rotate apprectably

before the current ceases to exist. Hence the force nHil is of

the nature of an impulsive force. The impulse produced by

this force is [* nHtldt=nHl fr idt=nHIQ where Q is the
0 0

charge which flows through the coil in time T. \1f b be the
length of the horizontal arm of the coil the moment of the

impulse is nHIO x b=nAHO where A is the area of the coil.

Hence if be the angular velocity with which the coil begins

to rotate, we have nAHO =Iw vee (d)

where I is the moment of inertia of the coil.

When the coil starts rotating its kinetic energy is $I1w*. As

the coil rotates the suspension fibre gets twisted. Work is

therefore done against the restoring couple produced by

twisting. Let u be the coefficient of torsion (¢. ¢. the restoring

couple produced by a unit twist), At any instant if the angle

of the twist is ¢ the restoring couple is u?. For-an aditional

twisting d? of the wire work done is p¢d?. Hence if § be the

G

maximum deflection the total work done is f podd = $682,
0

Hence dw? = $402 or Iw?= pé? aoe (e)

Eliminating w between (d) and (6).

2 lo? PP po?
Q n2A°H? n2A*H? I

119?
- Ata nm

Again, if damping be small the coil oscillates a number of

times before it finally comes to rest. The period of this

oscillation is given by

IT 4z*J
T=20 Ni; or T= eee (9)
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Dividing (f) by (g), thus eliminating I, we have

Q? p?6?

me grind a 2y72

_ eTor O ornAH 0 eee (42)

i.e O=ké ee (42a)

where k is a constant equal to eT (42D)
2TTMnAH

It should be clearly understood that H in equation (41) and H in

equation (42) are not the same magnetic field. In (41) H is Farth’s

horizontal component and in (42) H jis the field due to the magnet

between whose pole pieces the coil is suspended.

Art. 92 In the previous article we have seen that

Damping in the case of a ballistic galvanometer damping

must necessarily be quite small. But although small damping

can never be entirely absent. As a result when the coil* (or the

needle) oscillates the successive amplitudes become gradually

smaller and smaller and after a few oscillations the coil (or

needle) ultimately comes to rest- It is obvious that during

the first swing also tothe extreme position damping must

play its part, z.e.in absence of damping the first swing would

become a little larger. Or in other words the deflection 9

observed as the first swing is slightly smaller than what it

would be if there were no damping. To get the corrected value

6> of the first deflection we proceed thus :

Let 6, 61, 42, 9s,---be the successive deflections§ as observed

on both sides of the central position. It is noticedt that the

ratio of any one deflection to the next one is a constant. Thus

* In the case of a suspended coil type galvanometer it is the coil

which rotates. Inthe case of a suspended magnet type galvanometer

however it is the magnetic needle which rotates,

§ Inthe case of a suspended coil type galvanometer these deflections

are observed on the scale on which the beam of light is incident after

being reflected by the galvanometer mirror.

+ This may also be proved theoretically.
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a bb nee «. = (a constant)

Let d=e. Then log.d=2. The constant d is called
decrement and loged or A is called the log decrement.

Thus for a half oscillation

6 6 r
| = g

O17 be = 6; ‘se

Hence for a complete oscillation

O, 0 eee 2X
62. Oy Os

and so on

If 00 be the correct value of the first deflection when

there is no damping a is therefore the ratio for a quarter

oscillation

A

Hence ne

eA
But e ~!*t 29% 427 83

Since A is usually a small quantity its square and higher

powers may be neglected.

A

9 A ALThus a =e” =1+- or =O (1+ )

Hence 9 in (41) and in (42) should be replaced by

A

(1+ +). Thus for a suspended needle type galvanometer

_HT .. @ A veeQ= aC Sin o(1+4) (41c)
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And for a suspended coil type galvanometer

=a (1+3 + (42c)

Art 93 Ammeters and Voltmeters

Ammeters and Voltmeters are essentially galvanometers.

Ammeters measure currents and are therefore used in series

in an electric circuit, whereas voltmeters measure E- M. F.’s

or potential differences and are placed én parallel between two

points whose difference of potential is to be measured.

Ammeters are necessarily low resistance galvanometers ; for

when used in series they must not alter the strength of the

current in the circuit. Voltmeters, on the other hand, are

high reststance galvanometers ; when placed in parallel they

absorb very little current and do not practically interfere with

the main current.

In different types of these instruments the electric

current passes through a straight wire or through a coil of

Wire; arrangements are made whereby as a result of this

current a pointer moves over a graduated scale. The way

how this is done differentiates one type of instrument from

another.

Ammeters and voltmeters are accordingly classified as

follows ;—(a) Hot wire (6) Moving coil (c) Moving iron.

Art 94 Hot wire instrument

The instrument is diagrammatically shown in Fig. 149.

The current to be measured passes through the wire A

stretched between two suitable blocks. The wire is usually

made of platinum - silver so that it may have a high melting

point. A phosphorbronze wire F is attached at one end to

some point near the middle of the wire A the other end

being attached to an insulated block C. The wires A and F

are kept taut by a silk fibre B pulling F to one side; the silk

fibre passes round a pulley W carrying the pointer P and is

itself pulled by the spring S. As the wire A is heated by the

passage of the current it expands and sags; consequently the
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wire F also tends to sag but is kept taut by the pull of the

silk fibre due to the action of the spring 8. The pulley W

consequently rotates and the pointer P moves over a scale.

V
ww“aA \

Fig, 149

By passing known currents through the wire or by using

known potential differences between the terminals of the

wire, the scale may be calibrated in amperes or volts as

desired.

Since the heating of the wire A and hence its expansion

is proportional to the square of the current the instrument

may be used for both A. C. and D. C. currents; the scale

however is non-uniform, being more crowded near the zero

reading and more opened out for larger currents.

The principal defect of this instrument is the wandering

of the zero reading caused by the fluctuation of the room

temperature as a result of which the wire expands differently

at different times and the pointer moves even if no current

passes through the instrument.

Art 95 Moving coil instrument

This instrument is very much analogous in construction

to a suspended coil galvanometer. Aninsulated copper wire

is wound round a copper or aluminium rectangular frame. The

frame is placed between two polepieces of a permanent horse:

shoe magnet and is so pivoted that it can rotate between the
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pole-pieces. The pole pieces are made cylindrical in shape
a and a soft iron cylinder (not shown

in the diagram) is kept fixed within

the coil, so that lines of force are

everywhere radial. The frame

carries a pointer: as the frame

rotates the pointer moves over

a scale. As in the case of a

x

\ / i suspended coil type galvano-

a ) meter the current through the

Fig. 150 coil of wire produces a_ torque

Which causes the frame to rotate.

A spring (not shown in the diagram) controls this rotation.

Induced current generated in the conducting frame makes

the instrument sufficiently dead-beat.* Due to the fixed

cylinder of soft iron placed within the frame lines of force

are more concentrated.

The torque produced by the current is directly proportional

to the current ; the instrument can therefore be used only

for D.C. current. The scale is uniform throughout the

range and can be calibrated in amperes or volts as desired.

The instrument is very little affected by external magnetic

effect ; the permanent horse-shoe magnet if specially prepared

retains its magnetism for a sufficiently long time. Moving

coil instruments are therefore the most accurate and most

satisfactory for all D. C. measurements.

Art 96 Moving iron instrument

In these instruments the electric current passing through a

fixed coil magnetises one or more softiron pieces. Due to

the force existing between the current and a magnetised soft

iron or between two such soft iron pieces, one of the iron

pieces rotates ; a pointer attached to this soft iron consequently

rotates over a graduated scale. Twotypes of such instru-

ments are in use according as the force is of attraction or

of repulsion.

* Vide Art 90
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We first describe an attracted tron type instrument. ‘The
coil C carrying the current is fixed.

The soft iron piece M is excentri-

cally pivoted and being magnetised

by the current is attracted within

the coil. A pointer P attached to

this soft iron M moves over a

graduated scale. The weight of

the soft iron generally produces

the necessary controlling couple;

in some cases a_ spring is also

provided for this purpose. Fig. 151

If the current be not very large the magnetisation of the

soft iron is not near the saturation* point and is in that case

ae wae very nearly proportional to
p > the current. The force of

attraction and hence the

ro deflection of the pointer is

he proportional to the product
oy of the current in the coil and

ee the strength of magnetism ;

M4 itis therefore proportional to
C1 the square of the current.
a The scale is therefore non-

a4 uniform, being more opened

“41 out for larger current.

ond In the repulsion type the

oe coil C is cylindrical in shape.

Vi pes Parallel to the inner surface

S of the cylinder a curved soft

iron Ji is fixed. This is so

shaped that it is much broader

at one end than at the other. Along the axis of the cylinder

aspindle A is pivoted, carrying another soft iron Is much

Fig. 152

* Vide Art 189
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smaller in area. This iron is also curved so as to be parallel

to the other iron Ji. Duetothe current inthe coil C both

the iron pieces are magnetised longitudinally in the same

direction and therefore repel each other. The magnetic

effect in In being much greater atthe broader end the force

of repulsion is greater in that region; the rotating iron Ie

rotates so that it tendsto face the shorter end. A pointer

P attached to the spindle A rotates over a graduated scale.

A spring at the top of the spindle provides the necessary

controlling couple.

The force of repulsion is proportional to the product of

the strengths of magnetism in the two iron pieces and since

each of the latter varies directly as the current, the force

of repulsion and hence the deflection of the pointer is

proportional to the square of the current. The scale 1s thus

non-uniform as before.

Although these moving iron instruments are not so

accurate as moving coil instruments they are more robust in

construction and are simple in design. They are however

susceptible to exernal magnetic fields ; this can be minimised

by enclosing the instrument in an iron case. They are also

liable to hysteresis* errors so that they read low when

currents are increasing and high when currents are decreas-

ing. In modern instruments a nickel-iron alloy having

negligible hysteresis is used instead of soft iron.

Art 97 Ammeters can be converted into voltmeters

and voltmeters into ammeters. The range of either of these

instruments may also be increased by using a shunt or by

inserting a resistance asthe case may be. We shall explain

these cases separately with the help of problems.

I. An ammeter to be converted into a voltmeter.

Explain how an ammeter of 05 Amp range can be converted

into a volimeter reading up to 50 volts. The resistance of the

ammeter 48 2 ohms.

* Vide Art 189.
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A voltmeter being a high resistance galvanometer, a

resistance R is to be inserted in series with the ammeter

Full scale deflection of the ammeter is produced when a

current of 0°5 amp passes through the instrument. \ Since the
converted voltmeter is to read upto 50 volts, it is obvious

that whena P.D.of 50 volts is applied between the new

terminals A and B, acurrent of 0°5 amp must pass through

the instrument. The total resistance between A and B being

R+2, we have

50=0'5 (R+2) or R+2—100 . R=98 ohm.

II A voltmeter to be converted into an ammeter.

Explain how a volimeter reading up to 150 volis can be

converted into an ammeter of 8 Amps range. The resistance of

the volimeter ts 800 ohms.

A voltmeter being a high resistance galvanometer a shunt

of resistance R must be used in parallel with the instrument.

Since the voltmeter reads

up to 150 volts and since

the resistance of the volt- © Amps

meter is 300 ohms, maxi-

mum current that can be

A R B

Fig. 154

300

the instrument isto be used as an ammeter of 8 amp range

the current through the shunt R is 8-0°'56=75 amps. Hence

if A and B be the terminals of the instrument,

passed through the instrument is or 0'5amp. And since

Va-~- VB=7'5 R considering the shunt circuit.

Also, VA-~ VB=0'5x 300 _,, voltmeter _,,
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Hence 7°5 R=0°5 x 300

; 0°5 x 300
we R= an 20 ohms.

IlI. The range of an ammeter to be increased.

Explain how a millt-ammeter of 50 milli-amp range can be

made to read upto 5 amps. The resistance of the milli-ammeter

4s 0 Ohms.

Here a shunt Ris to be used in parallel with the instru-

ment. The maximum current to be used being 5 amps and

mA

5 ¥imps
> IIIA >—

A R B

Fig. 155

the maximum current through the tnsirument being 50 milli-

amps or 0°05 amp, the current through the shunt is 5-0°05=

495 amps. Hence if A and B be the terminals of the

instrument,

VA~ VB=0'05 x 5 considering the milli-ammeter circuit.

also Va-VB=495 R " shunt ”

Hence 4°95 R=0'05 x5

‘ Ra 295 * 9. 0:0505 ohm.
495

IV. The range of a voltmeter to be increased,

Explain how a volimeter of 5 volis range can be made to read

up to 500 volis. The resistance of the volimeter ss 20 ohms.

R

a we eet eww eee eK >

A s00%dt B.

Fig. 156

Here a resistance R is to be used in series with the volt-
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meter. Since the resistance of the instrument is 20 ohms

and since the original range of the instrument is 5 volts

maximum current that can be passed through the instrument

is a = > amp. Hence when R is in series with the volt-

1 ;
meter the same current | amp must pass through the ins-

trument when a P. D. of 500 volts is applied between the, new

terminals A and B. Thus .

500 =(R +20) x4

or R+20=2000 .. R=1980 ohms.

Art 98 Action of current on current.

Consider two like parallel currents* 21 and ,

i2 separated by a distance r. The field due to i, hi,

41 at a distance 7 is sa [Vide (35a) Page 173 |.

By Maxwell’s corkscrew rule [ Art 80 ] the e+ 72>

direction of the field may be easily found ; in

the case shown in Fig. 157 it is perpendicular |

to the plane of the paper and is towards the Fig, 157

paper. The current é2 is placed in this field. Hence the force

on the current #2 (per unit length of the wire) is atite and ‘by

Fleming’s Left Hand Rule this is directed towards the current

41, 7. e. the currents 141 and 72 attract each other. If the currents

be unlike they mutually repel each other. Thus the rule is

‘Like currents attract, unlike currents repel”’.

In the case of oblique currents, the rule is -—

If both currents flow towards or away from the apparent

or real point of intersection they attract each other ; if one of

the currents flows towards and the other away from tho point

of intersection, they repel each other.

The magnitude of the force between two currents is

proportional to the product #1 ¢2; if the same currents passes

Both wires carrying currents, are supposed to be sufficiently long,
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through both the wires the force is proportional to the Sqtiare

of the current ¢.

Art 99 Kelvin’s Ampere Balance.

The principle explained in the last article has been

utilised in Kelvin’s Ampere Balance. In the instrument

18
nw o@ waees

Lee ew = Seeee ne
97

v

1 aea 2 So
Fig. 158

os Ye:

:
JU greeneee eesuqwe

there are six exactly similar coils placed in two columns—

three in each. [Vide Fig. 158 (a)]. The two uppermost and

the two lowermost coils are fixed and the two middle coils

are held by a lever which can rotate about the fulcrum B. A

horizontal arm AA attached to this lever carries a small

moveable weight W. All the six coils are electrically

connected to one another so that the same current passes

through all of them [ Vide Fig. 158 (b) ]. It will be seen that

currents in different coils are so directed that on the left hand

side the middle coil is repelled by the upper and attracted

towards the lower coil ; it therefore tends to come down. In

a similar way on the right hand side the middle coil tends to

goup. The lever carrying the middle coils therefore tends

to rotate about Bin the anti-clockwise direction. This may

be prevented by suitably adjusting the position of the

moveable weight W. Known currents are first passed through

the instument and corresponding positions of W along the

atm AA are noted. Afterwards any unknown current may be

determined by noting the corresponding position of W.

In this instrument the force between two coils is

Proportional to the square of the current and is therefore

R.M. 14
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independent of the direction of the current; hence alternating

currents may also be measured by this apparatus.

Art 100 Wattmeter.

If a current passes through a circuit or an instrument some

power is usually absorbed. A system in which power is

absorbed is technically known as a load. A wattmeter

measures the power absorbed by a load. It essentiplly consists
of two coils of wire—a low resistance coil used in \series with

the load and a high resistance coil placed in parallel with the

load. The former is known as the current coi] and the latter

as the pressure coil. The current coilis usually\fixed and

produces a field proportional tothe current. The pressure

coil—which is moveable—is placed in this field. Hence for

any given positions of the two coils the couple at any instant

acting on the moveable coil is proportional to the product of

the P. D. and the current at that instant, ¢. e. proportional to

the instantaneous power. If the power fluctuates as in

alternating current circuits, the mean couple acting on the

moveable coil is proportional] to the mean power.

Siemen’s Electro-dynamometer may be used both as an

ammeter and also as a wattmeter. Two vertical coils AA’

and BB’ are situated at right angles to each other. The coil

AA’ is fixed ; but the coil BB’ nots

( whose terminals are dipped

into two mercury cups) can

rotate about the common

vertical axis. This rotation is

controlled by the spring 8

attached to a torsion head at

the top. If the coils are in

series asin Fig. 159 (a), the ft

instrument is used as an ++-@--
ammeter. It will be seen that )
when the current ¢ passes Fig. 159

through the two coils the arm B of the moveable coil is

attracted by the arm A and repelled by the arm A’ of the

fixed coil; the arm B’ is similarly attracted by A’ and repelled
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by A. The coil BB’ accordingly rotates in the clockwise

direction. It is again brought back to its initial position by

rotating the torsion head at the top. The amount of torsion,

t. @. the angle @ through which the torsion head is rotated is

measured by the pointer P rotating over a graduated circular

scale. The forces of attraction and of repulsion between the

arms and therefore the couple tending to produce rotation is

proportional to #. Hence when the coil is finally brought

back to the initial position

08 or = i=k,/8,

The constant k may be determined by observing 9 for a

known current,

If the instrument is to be used as a wattmeter—say, for

measuring the power absorbed by an electric bulb Q the low

resistance coil AA’ is connected in series and the high

resistance coil BB’ in parallel with the bulb O [ Vide Fig. 159

(b) ]. If ¢ be the current through the bulb and E the P. D.

between the terminals of the bulb the current through AA’ is

¢ and that through BB’ is where R is the resistance of BB’,

Hence the couple tending to produce rotation of the coil BB’

is proportional to 5 As before if 9 be the torsion necessary

to bring back the coil to the initial position “2 « §@ Thus

power (=Ei) «9 .. Power=ké

The constant k may be determined by observing 9 when a

known power is used.

Art 101 The instrument described above is known

Energy meters 2S 40 indicating wattmeter, i. e. it indicates the

watt or the rate at which energy is supplied.

In house supply meters the instrument must not only

indicate the power or the rate of supply of energy but must

also take into account the length of time for which energy is

Supplied. Such meters are therefore known as energy meters.

These energy meters are again of two kinds; where the
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supply voltage is maintained constant—as is usually the case

in the town supply—it is enough if only the current is

measured, Thecurrentin amperes when munltiplied by the

number of hours for which the energy is supplied to a circuit

gives us the number of ampere-hours. The number of watt.

hours supplied to such a circuit is obtained by multiplying

these ampere-hours by the constant voltage a plied. Thus
the amount of energy is simply the current\in amperes

multiplied by a constant varying with time. Stch an

instrument is called an ampere-hour meter. Where the

variation of the supply voltage is also taken into account the

instrument is known as an watt-hour meter.

Meters of the “motor” type are most generally used in

actual practice. These meters may be used with direct

current as well as with alternating current. In an indicating

instrument the moving system comes to rest after rotating

through a fraction of a revolution; but in this class of

instruments the current passes through an electric motor and

the moving system rotates continuously. The speed of

revolution is obviously proportional to the current passing

through the motor. It follows therefore that the number of

revolutions made by the revolving system in any given time

is proportional to the quantity of electricity supplied in that

time and hence—if the supply voltage is constant—to the

energy supplied. The number of revolutions is recorded by 4

counting mechanism consisting of a train of wheels to which |

the spindle of the rotating system is geared. The registering

dials are calibrated in Kilowatt hours so that the energy

supplied can be directly read off. Usually a copper or an

aluminium disc rotates along with the motor. Current

induced in this disc by a permanent magnet controls the speed

of revolution, the system attaining a steady speed when the

retarding torque by these induced currents, balances the

driving torque produced by the supply current.

One of the commonest forms of house supply meters is

Ferranti’s mercury meter. A thin amalgamated copper disc

C is mounted at its centre on jewelled cup bearings inside 4
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shallow circular box B of some non-conducting material. Two
magnets—one for driving purpose and the other for braking,

are fixed with their poles, one above and the other below the

-

Fig. 160

circular box. The space inside the box is filled with

mercury. The current is led into the box through mercury

atsome point on the right; it then flows radially to the

centre through the copper disc and and afterwards passes out

along the spindle on which the disc is mounted. Due to the

magnet on the right a torque is produced on the radial

current as a result of which the disc rotates in the direction

as indicated by the arrow. By the rotation the disc cuts

through the field of the magnet on the left ; induced current

thus generated controls the speed of rotation of the disc.

The upper part of the spindle (rotating with the disc) has a

worm cutin it whereby the gear wheels of the recording

dials are engaged. This instrument is obviously a D.C..

ampere hour meter; when working on a fixed voltage it

indicates Kilowatt-hours on the dials.
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Exercise XI

1. A mirror galvanometer of resistance 200 ohms is shunted

by 8 wire of 2 ohms resistance : itis then connected through

a resistance of 1000 ohms to the terminals of a cell of negli.

gible resistance andof EH. M. F. 2 volts. If the deflection be

20 coms on a scale af a distance of 120 cms from, the galvano.-

meter find the figure of merit of the galvanometer.

Ans. 11°86*107°5 amp per mm defleotion.

2. A galvanometer of resistance G is connected to the

terminals of a battery of internal resistance R. On shunting

the galvanometer with a resistance 8 if is found that the
galvanometer current is halved, while the battery current is

doubled. Prove that G=2R=35.

3. You are given a milli-voltmeter of range 1 to 30 milli-

volts and of internal resistance 25 ohms. Show by diagrams

how you will use the instrument to measure (a) potentials

between 1 to 30 volts and (b) currents between 0°1l and 3

amperes. Ans. (a) 24975 ohms in series (b) 0°01 ohm in parallel.

4. A moving coil galvanometer has a resistance of 10 ohms

and gives a full scale deflection when the current through it

is one milli-ampere. What will you do to convert it into an

ammeter reading up to ten ameres ?

Ans. 0°001 ohm in parallel

5. A certain ammeter has a resistance of one ohm and the

full scale deflection is obtained when a current of 0°05 ampere

flows through it. Find what shunt must be connected with it

in order that the ammeter may read up to 10 amperes.

Ans. 0'005 ohms.

6. A portable galvanometer whose needle deflects 5 scale

divisions per milli-ampere, is to be used as an ammeter. Iis

resistance is 238 ohms. What should be the resistance of the

“hunt in order that the needle may deflect 10 divisions per

retardu,z? ©. U. 1949. Ans, 0°477 obm.

oes torque .jistances 150 and 250 ohme are in series and sr
ne of the ‘,urce of E. M. F. 200 volts. A high resistance

Ferranti’s mercat, oted in turn across each of the resistances.
C is mounted at its
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What are the readings ? How are the readings altered if the

voltmeter be of resistance 200 ohms only ?

Ans. 75 volts ; 125 volts: 51°07 volts; 85°11 volts

8. Full seale deflection is produced when a current of 0°1

amp is passed through a certain galvanometer of resistance

25 ohms. How can the galvanometer be used as (a) an ammeter

reading up to 10 amps (b) a voltmeter measuring potentials up

to 10 volts.

Ans. (a) 0°253 ohm in parallel (b) 75 obms in series.

9. A milli-ammeter of resistance 20 ohms reads up to 0°05

amp. Explain how the instrument can be used to measure

(a) currents up to 5 amps (bd) voltages up to 50 volts.

Ans. (a) 0'202 ohm in parallel (b) 980 ohms in series.

10. The scale of a voltmeter ( resistance 50 ohms ) is gradua-

ted from 0 to 5 volts. Show how the voltmeter can be adapted

for use as (a) a voltmeter of range 500 volts (b) an ammeter

reading up to 5 amps.

Ans. (a) 4950 ohms in series (b) 1'02 ohm in parallel,

C. U. Questions

1958. Describe the construction and mode of operation of

@ moving coil galvanometer.

A moving coil galvanometer has a resistance of 5 ohms and

gives a full scale deflection with a current of 10 milli-amperes.

How will you convert it into a voltmeter reading up to 10

volts ? Ans. Resistance of 995 ohms is to be used in series.

1964. Describe a moving coil galvanometer and show how

a current is measured with it.

A voltmeter reads 50 volts when connected socross an

unknown potential difference. A 5000 ohm resistor is then

inserted in series with the meter across the same potential

difference and the reading drops down to 33°3 volts. Find the

resistance of the voltmeter and the value of the current through

the volfmeter when it reads 50 volts.

Ans. 10,000 ohms ; 0'005 amp.
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1965. What isthe difference between an ammeter and a

volimeter ? Discuss their constructional details with the help

of diagrams.

Explain how a voltmeter of 10 volts range can be made to

read up to 500 volts, the resistance of the voltmeter being 500

ohms. Ans. 24,500 ohms in series.

1965 (Revised). Describe the construction of a lmoving coil
galvanometer and show how a current can be meas by it.

The moving coil of a galvanometer has 60 turns, 's width of

9 cmsand a length of 3oms. It hangs in a uniform radial
magnetic field of 500C. G. 58. units. Find the current in milli-
amps when the controlling couple due to twist in the suspension

is 18 dyne-cms. Ans. 1 milli-amp

1965 (Old). Describe the construction of a Ballistic galvano-

meter of suspended coil type.

Establish an expression for the quantity of charge flowing

through the coil.

Explain the measurement of the capacity of a condenser

with it.

1966 (Old). Describe «a moving coil pivoted type of

ammeter with a neat diagram. How does if differ from a

voltmeter ?



CHAPTER XII

ELECTRIC MEASUREMENT

Measurement of Resistance

Art 102 Measurement of a resistance depends on the

principle of Wheatstone’s net. The complete theory of

Wheatstone’s net based on Kirchoff’s Laws, has already been

given in Art 72. A more elementary theory is given below.

Four resistances P, QO, S, R are

connected in the form of a

quadrilateral ABCD; the galvano-

meter and the battery are placed

along the two diagonals. The

resistances are so adjusted that a

no current flows through the

galvanometer. Then the current

tithrough ABisthesame as that _

through BC and the current 12 *%/

through AD is the same as that

through DC. | '

Fig, 1€1

Then potential difference

VA- VB@ Pa and VA- Vp=Rte

Va-Ve#Qn Vp-Vc= Sta

be division MA2Y® Pang VATYD. RB
yavistOh "Va-Ve Q Vp-Vce §

And since there is no current through the galvanometer,

VB©= VD.

P R
i q ans see vee [tp

It three of these four resistances be known the fourth can be

easily determined.
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Art 103 The Metre Bridge (or Wheatstone’s Bridge) is

an application of the above principle. It essentially consists

of a uniform wire (usually made of german silver or

constantan ) one metre long, attached to two copper strips at

the two ends. Another copper

strip is placed on the same ir at

wooden board, so that there Pp | c
are two gaps among the three pdextiabed:
copper strips. A jockey slides is K "7
along the metre wire and a 4

knife edge attached to the Fig. 162 |

jockey may be made to contact the wire at any desired point.

The wire is stretched along a metre scale so that the point of

contact may be determined readily. Two resistances P and

QO, one known and the other unknown are placed in the two

gaps; the galvanometer and the battery are connected as

shown in the figure. The position of the jockey is : adjusted

until on its coming in contact with the wire no current flows

through the galvanometer. The two resistances P,Q and the

two portions of the metre wire on the two sides of the jockey,

form the four arms* of the Wheatstone’s net. Hence if J be

the null point reading and if o be the resistance per unit

length of the wire we have

P lo b
SD ae ee Se a

Q~ Tuv-a 100-2 (482)

Hence, of the two resistances P and Q, one being known

the other can be found out.

Art 104 There are several sources of error which must

be avoided in carrying out the above experiment :—

(1) There are usually themo currents} in the circuit. These

* Resistances of copper strips and of connecting wires are neglected.

+ If different junctions are at different temperatures small currents

known as thermo-currents flow through different branches of the

circuit, A fuller account of these currents will be given in Chap XIV.
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tend to deflect the null point towards one side and thus create

anerror. Thisis avoided by using a commu-

Thermo-current tator in the battery circuit. By the commutator

the battery current is reversed: but thermo-

currents persisting in the same direction as before, the null

point is now shifted to the other side of the correct reading.

Null point readings are therefore taken both when the current

is direct and also when it is reversed by the commutator, The

mean of these two readings gives us the correct reading.

(2) There is usually an arrow mark on

Non-coincidence the jockey. The position of this arrow mark
of arrowmark
with actual nuli 222inst the scale is taken as the position of the

point null point. It may he that the actual null

point ¢. e. the point at which the knife edge of

the jockey touches the wire, may be slightly different from
that indicated bythe arrow mark. To avoid this error P and

© are interchanged and a second set of readings is taken. The

unknown resistance is calculated from each of the two sets

and the mean of the two results 1s the correct value of the

unknown resistance.

(3) There is usually some resistance at

eng-cor the two ends of the bridge wire. This is
mainly due to soldering by which the wire

is joined to the copper strips. These are known as end-

errors. The bridge wire is also seldom exactly 100 cms; it

is either slightly longer or slightly shorter. This also

produces what are called end-errors. These end-errors are

actually calculated in terms of resistances of so many

centimeters of the bridge wire. For this purpose two known

resistances P and Q are used in the two gaps. If the errors

at the two ends are equal to the resistances of acms and f

cms of the bridge wire, we have

(1) When P and Q are in left and right gaps respectively

and 11 is the null roint,

recite -meatnnuen an ee8 ee6
P ly+a

Oo” 100 -a+ 8 (a)
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and (2) when P and Q are interchanged and Js is the null

point,

Q._ lata

PP 100-h +8 ve oe (b)
The quantities involved in equations (a) and (db) are all

known excepting @ and £8; a@ and Pf can therefore be

calculated. These values can afterwards be utilised in
determining any unknown resistance.

(4) The bridge wire may not bel uniform
Non-uniformity in cross section throughout its length so that

ofthewire the ratio of the resistances of the two
portions of the wire on both sides of the null

point, is not equal to the ratio of the corresponding lengths.

This can be remedied only by calibrating the wire, 7. e¢. bv

dividing the whole wire into a large number of elementary

lengths and by measuring the resistances of each of these

elementary lengths; in this way the resistances of the two

portions of the wire on the two sides of the jockey can be

determined and their ratio can be found out.

Art 105 The Post Office Box is a more compact form of

Wheatstone’s Bridge. It essentially consists of a number of

coils arranged so as to form the three arms of a Wheatstone's

net. The unknown resistance R forms the fourth arm.

4

wa va i ra wa R
(a YZA YE WA YR

WAYA UN YA YA
A’

~T*O-

Fig. 163

There are two keys one of which is placed in the battery

circuit and the other in the galvanometer circuit. The first

two arms AB and BC are known as ratio arms ; each of them

consists of three resistance coils of 10, 100 and 1000 ohms.
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The third arm CD consists of a number of resistances*, so

that any whole number of ohms from 1 up to 10,000 is

available. In using the instrument at first the ratio 10: 10

is used in the ratio arms; it is then changed to 10: 100 and

finally to 10:1000. The resistance in the third arm is also

suitably adjusted until the galvanometer shows no deflection,

The unknown resistance can then be easily calculated by (43).

Art 106 Measnrement of low resistance.

The classification of resistances into three groups—high, low and

ordinary, is rather arbitrary. There is no definite boundary line between

any two of these different groups. Generally speaking, resistances

under one ohm are called low, those between I ohm and 1,000 ohms are

termed ordinary and those above 1,000 ohms are considered as high.

In the usual method of measuring resistances by a

Wheatstone’s Bridge or by a Post Office Box, we neglect the

resistances of copper strips and of connecting wires. So long

as the resistance to be measured is fairly large (4. e. over one

ohm) this is justified. But this is hardly proper when we come

to the measurement of low resistances. The ordinary method

therefore fails in this case.

The simplest arrangement by which a low resistance

can be measured with sufficient accuracy, is by Mathiessen

and Hopkinson’s method.

Two low resistances 71 and re—one known and the other

unknown—are placed in the two gaps of a Wheatstone’s

Bridge. The two terminals of a battery are connected to the

two end copper strips (as in ordinary method). A commutator

to reverse the current and a resistance to diminish the

strength of the current are usually inserted in the battery

Circuit. One terminal of the galvanometer is as usual connec-

ted to the jockey but the other terminal is connected successi-

vely to the four terminals A, B, C, D of the two low resis-

tances, This may conveniently be done with the help of a

four way key as shown in the figure.

* All resistances in the Post Office Box are wound non-indnctively

Vide Art 149. Note (2)
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The current from the battery on entering the bridge

divides itself in two parts—one part 4 flows through the

low resistances and the other part 2 flows through the bridge

wire. Ifa, b, c, d be the null points on the bridge wire when

the galvanometer terminal is successively connected to A, B,

C and D, we have

VA@=Va VB=Vn Ve=V~e and VD= Vi

or VA-VB=Va- Vo ~. tr1=telio

and Ve-VD=Ve- V: .. 1172 = t2led

where 11 and le are the lengths ab and ed and cis the

resistance per unit length of the bridge wire.

° vos rok
.« by division re da

Art 107 High resistance.

It can be proved that Wheatstone’s net arrangement is

most sensitive when resistances in the four arms are of the

same order. If two of them be unusually large the arrange-

ment becomes insensitive. The ordinary method therefore

fails in the case of measurement of a high resistance.

We shall here consider the simplest method
Method .

of for measuring a high resistance.
substitu- . . f

tion Two high resistances R and X (one 0

them—say, X is unknown) are successively
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joined in series with a battery and a galvanometer. This is
conveniently done with the help of a two way key, as shown

in Fig. 165. The current
T — can be reversed by a

Pohl’s commutator. The
z 

Shunt resistance S (used

in parallel with the

galvanometer G) is in

each case adjusted so that

the deflection is witbin

, C3 the scale of the galvano-

ld meter. Let §1 be the
shunt resistance corres-

ponding to R. Then

the galvanometer and

the shunt are together

ee equivalent to a resistance

G81

GtSr

tance in the battery

Circuit being thus equal

iGS1KX to R+ G+S the current

Fig. 165 from the battery

G

The total resis-

-. the current through the galvanometer

E S.C BS

~ _ GS Xo 46, "R(G+S1)+GS:
R G+S8

If this current produces a deflection 41

R(G + Si) + GS

Similarly if Ss be the shunt resistance correspondnig

to X and if 62 be the corresponding deflection

we have kOy we wee (a)
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ES:
TM = @ eee eeeX(G+s.)+Ga." (0)

- be division, “2, S(G+Ss)+GSa_ % (e)
e°@ y 9 So R(G +81) +GS1 Os eeo0e

Hence the unknown resistance X can be determined.

N. B. Si and Se should be so adjusted that 4:/and 4: are

nearly equal; otherwise strictly speaking, the constant k will
not have the same value in both cases.

Art 108 Galvanometer Resistance

The resistance of a galvanometer can best be obtained by
clamping the galvanometer coil and by measuring its resis-

tance by any ordinary method. But this requires the use of

another galvanometer.

We shall discuss here two methods in which the use of the

‘second galvanometer is avoided.

Ist Method HALF-DEFLECTION METHOD

Connections are made as shown in the figure. P and Q

are two resistance boxes; 7 is a low

resistance. The current can be reversed

by a Pohl’s commutator. Keeping P

P equal to zero Q is at first adjusted until

y the deflection § is within the scale.

WN Resistances r and Q complete the battery

circuit. Neglecting r in comparison to
~

a Q the current from the battery =

Potential difference between the

. r
- terminals of r=

QO

Hence the current through the

galvanometer

Er
oa —— en JO vee eeet+ OG k (a)

Fig. 166 Next without changing Q any more
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P is adjusted until the deflection becomes half of what it was

before.

.. the current through the galvanometer

a) es (b)
~OQ(RP+G) 8

Hence, by division

em

ee m2 or P+G=9G P=@G.

Thus the resistance in P box is the same as the galvano-

meter resistance.

2nd Method THOMSON’S METHOD

In this method the

galvanometer is placed in the

fourth arm of a Wheatstone’s

net arrangement. A. steady

current passes through the

galvanometer so that there is

always a deflection. Resis-

tances P, Q, R are adjusted

until on pressing the key K at. -—
(placed along one of the Fig, 167

diagonals ) there is no change in the deflection. In that case

the terminals of the key are atthe same potential and the

usual relation ? R holds good.
Q G

Art 109 Battery Resistance

MANCE’S METHOD

The battery is placed in one

arm of a Wheatstone’s net

arrangement. A galvanometer and

a key are placed in the two diago-

nal arms. As in the case of Thom-

son's method (of measuring the

galvanometer resistance), a steady

current passes through the galvano-

meter so that there is always a

Fig. 168 steady deflection. The resistances

&. M. 15
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P, Q, Rinthe three arms are adjusted until on pressing the

key there is no change in the deflection of the galvanometer,

In this case if B bethe internal resistance of the battery

wee en ee

B

N.B. Inall methods hitherto described what is actually deter-
mined is the ratio of the unknown resistance toa known jone;: in order

to determine an unknown resistance, we therefore always require a

known resistance. The absolute determination of a registance, ¢, ¢,

determination of an unknown resistance independent | of any other

known resistance, israther difficult; this has been the subject matter
of research work by Rayleigh, Lorentz and others. A full description

of their experiments is beyond the scope of this book.

Art 110 Effect of temperature on resistance

The resistance of all metallic wires increases with tempe-

rature. To a first approximation the relation may be

expressed as Ri@Ro (1+at) where Ro is the resistance of

the wire at O°C, R: the resistance at #°C and a@isaq constant

for the material of the wire. This constant is known as the

temperature coefficient of the material of the wire. This

provides us with an efficient method of determining any un-

known temperature. For, if we measure Roand R¢ any unknown

temperature ¢ can then be determined from the above relation,

provided @ is known. Platinum is the material usually

chosen for this purpose. In order tohave a high degree of

accuracy it is necessary to modify the ordinary arrangement

for measuring a resistance; forin the ordinary method the

resistances of the connecting leads* cannot be eliminated and

an error is therefore introduced.

The platinum wire is wound non-inductively § on a mica

frame and is enclosed in a grass or silica tube.

Platinum Two copper rods connected outside to two

Thermometer fairly long copper wires are attached to the

two terminals of the platinum wire; thes¢
“a

ne peer

* The wires which lead the current from and to the platinum wire

are known as connecting ieads, i,e. they are the wires which connect the

platinum wire to the measuring apparatus.

§ Vide Art 149 Note (2),
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connecting leads are known as platinum leads. ‘T'wo other
exactly similar copper rods connected outside to equally long
copper wires, are also inserted within the tube but the free
ends of these copper rods are soldered together ; these are
known as compensating leads. ‘This entire combination is
what we call a platinum resistance thermometer. Obviously if

Fig. 169

C be the resistance of the compensating leads the resistance

of the platinum leads together with the platinum wire, is P+C

where P is the resistance of the platinum wire itself. Connec-

tions are made with a Post Office Box and a Wheatstone’s

bridge as shown in Fig. 169. This arrangement is known as

Callendar and Griffith’s Bridge. Resistances each equal to 10

Callendar ohms are inserted in the ratio arms of the

& Griffith’s | Post Office Box. If R be the resistance in the

Bridge third arm and if 7 be the null point reading on
the bridge wire we have R+C+lo=P+C+(100—J)c, where o

is the resistance per unit length of the bridge wire.

-» P=R-(100-2i)o, If ¢ be known P may be

determined,
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The relation P: = Po (1+.a#) is however only approximate :

bence the temperature obtained from this relation is not quite

correct. Wecall it platinum temperature and designate it by

tp. Thus we write P:= Po (1 +atp). The platinum thermometer

is successively placed in melting ice and in steam under

atmospheric pressure. The corresponding resistances Po at

0°C and Pioo at 100°C are measured. If P; be the resistance

when the thermometer is placed in contact with any unknown

temperature ¢, we have

PiooTM Po (1+ 100a) Or Pi00—-PoTMPo. 100a \

and Pr=Po(l+atp) or Pr-PyoTM@Po.atp

eo ee Un P:—-P,
ee by division =—=#=——-_-

y 100 Paoo— Po

Thus the platinum temperature tp may be obtained. The

relation between platinum temperature ¢) and the correct

. pie at tf | .temperature ¢ is given by ¢—tp=5 ‘oa 00 1) where 5 is a

constantTM equal to 15 for pure platinum. Hence the correct

temperature ¢ may be calculated.

A platinum thermometer has a wide range; it can be

satisfactorily used for measuring a temperature within the

range of about — 200°C to 1200°C.

In research work it is necessary that standard resistances

are constructed of substances which do not change their

resistance with temperature. After many trials an alloy

‘manganin’ (84% Cu, 4% Ni. 12% Mn) has been prepared,

whose resistance may be taken as constant over a wide range

of temperature. |

It may be noted that unlike metals resistances of carbon

filaments and also of electrolytic substances decrease with the

tise of temperature.

* This constant itself may be determined by measuring the resist-

tance when the platinum thermometer isin contact with another fixed

known temperature—usually boiling point of sulphur.
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Art 111 Effect of Magnetic field on resistance.

Bismuth is the only metal whose resistance is aftected by

a magnetic field. Its resistance increases with the strength

of the magnetic field in whichit is placed.

Bismuth spiral A fairly long bismuth wire is wound in the

form of a spiral so that the total area covered

by the wire is small. The bismuth spiral is first placed

successively in a number of magnetic fields of known

strengths and the corresponding resistances of the spiral

are measured; a calibration curve showing the relation

between the magnetic field and the resistance is thus obtained.

Any unknown magnetic field can then be determined by

measuring the corresponding resistance of the spiral placed

in the magnetic field.

Art 112 Effect of light on resistance.

Selenium anda fewcrystals have got this property that

in darkness their resistance is enormous but as soon as light

is incident on them their resistance diminishes

considerably, depending upon the intensity

of the incident light. This property is most prominent in

the case of selenium and has given rise to what we call a

selenium ‘cell’. It consists _

of two long metallic wires “ny .

Selenium cell

— > |
coiled and wound in -

such a way that they . .

do not touch each other. TI af Noe le

Selenium — its gray B— Boll ~

modification variety—is S— Scleni

fused between them.

Thus if two ends of the Fig. 170

wires be connected to the two terminals of a battery the

circuit is completed through selenium. So long as this

selenium ‘cell’ is covered up and is in darkness no appre-

Ciable current flows round the circuit due tothe enormous

Tesistance of selenium. But as soon as the covering

is opened and the cell is exposed to light, resistance of
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selenium diminishes and if an electric bell be included in the

circuit the bell begins to ring.

In the earlier days of “‘talkies’’ selenium cells were utilised

for reproduction of sound from the film but now-a-days

they have been entirely replaced by photo-electric cells,

(Vide Art 247) :

Art 113 Measurement of E. M. F.

The HE. M. F. of a cell may be readily determined by means
of a suitable voltmeter (Vide Art 93). The K. M.\F's of two

different cells may be compared by either of the \following

methods.

Ist Method SUM AND DIFFERENCE METHOD

Two cells (whose E. M. F’s Ei and Es are to be compared)

are joined in series with a resistance R and a tangent

galvanometer. If Bi and Bs be the internal resistances of the

two cells and if r be the galvanometer resistance

E1+ Ee

R+Bit+Batr
=f tan QO, eee (a)

k being the constant of the tangent galvanometer and 41

being the deflection produced.

If the terminals of one of the cells be now reversed, ¢. 6

if the cells be now in opposition .

Ei — Ee
(este a et ath TS LENG Et [J g eee

R+Bit+ Batre k tan U2 (3)
6 being the new deflection.

.. by dividing (a) by (bd),

Kit He tan a . EE _tan 61 +tan Os

Ei-Ks tan 0 °° Ke _ tan %—tan O2

2nd Method POTENTIOMETER METHOD

The principle of the method can be understood from Fig

171. ABis along uniform wire to the ends of which the

terminals of a cell Kare joined. A resistance R and a key

K are usually included in the circuit. Ifthe current flows
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in the direction Ato B there is a fall of potential along the
wire from A to B. If there is a parallel circuit AGC:
(containing a galvanometer G) joining A to some point C,
of the wire a current tends to flow in the direction AGC,

due to the P. D. between A and Ci. If this parallel circuit

also includes another cellof E.M.F. Ei and if this cell

tends to send the current in the oppostie* direction, two

E,
+1 (-

|

[A

oe 4 Wi}, Oo _

E R

Fig, 171

currents tend to flowin this circuit in opposite directions,

—one current due to P. D. between A and Ci: and the other

current due to the E. M. F. E1. If therefore the P. D. between

A and Ci be equal to Hi there will actually be no current

and hence no deflection of the galvanometer. Conversely, if

by trial a point Ci be found on the wire AB such _ that

there is no current through the galvanometer the EK. M. F.

Ei of the cell must be equal to the P. D. between A

and C1. If the cell Ei be replaced by another cell of KE. M. F.

Ez and if the corresponding null point on the wire AB be

Oe, the two E. M. F’s E1 and Ez may be compared thus :-—

Ei _ P. D. between A and C1.am ot OL Oe UR NN a

EF.” P. D. between A and Ce

bio
oa where j1 and Js are the lengths AC: and

* This requires that positive poles of E and E1 are connected to A.

If the negative poles of both E and E1 be connected to A the result wili

be identical,
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ACz, o is the resistance per unit length of the wire AB

and ¢is the current along AB. Hence = =

The wire AB is called the potentiometer wire. It may be

seen that if o| and # be separately determined the actual

values of E1 and Es can be easily obtained ; for Ei=lios and

Es=/e0t. The current « is determined by having a milli-
ammeter in series with the potentiometer : o is\obtained by

measuring the total resistance of the potentiometer wire,—

say by a Post Office Box and by dividing this r sistance by

the total length.

N. B. (1) The E. M. F. E must be greater than E: or Es ;

otherwise the null point C1 or Cs will not lie within AB.

(2) Similar poles of E and of E1or Ee must be

joined to A ; otherwise there will not be any null point at all.

(3) The resistance R should be adjusted so that

null points are brought near the end B of the potentiometer

wire.

Art 114 Measurement of current.

A current may be measured by either of the following

methods :-—

if the « By inserting a suitable ammeter in the circuit (Art 93).

“-ing a voltameter*. (Vide next chapter)

R + binmeter.

@2 be. a "7

.. by dividing (a) by ER METHOD.
HitEs tan 0, hod of comparison of two E.M.F.'s

Ei-Es tan 6. ‘°° (.#ccurately known resistance r

1 which the currents is to be

2nd Method POTENT ICerence ty between the terminals

The principle of the methoc With the known E. M. F. E of

171. ABis along uniform wetet. The actual connection is

terminals of a cell E are joir —

K are usually included in thct¥ee2 voltmeters and voltameters.
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‘shown in Fig. 172. If/1 and Js be the null point lengths on

the potentiometer

wire corresponding

to sr and E respec-

tively we have

ro
Eh’

Hence knowing

other quantities, ¢

can be determined.

N.B. Vergy large

currents can be

accurately measured

by this method, e. g.

if the current be

1000 amperes, a low

Fig, 172 resistance of the

order of 0°001 ohm should be chosen for r. The P. D. between

its terminals would therefore be of the order of one volt. This

may easily be compared with the E. M. F. of a standard cell,

Art 115 The capacity of 6 Ky

Measurement a condenser may be TL

ofcapacity weasured by a —( }—
ballistic galvanometer if acell of |

known E.M.F be readily available.

A condenser of capacity ©, a Cc

cell of known E.M.F. E anda —— |

ballistic galvanometer G _ are

connected as shown in Fig 173.

Keeping the key Ks open as the 
|

key Ki is closed the condenser vm I

acquires a charge OE. If now the — /-—
key Kiis opened and immediately E

thereafter* the key Ks is closed Fig. 178

8 A special type of key containing both K, and Ka is used. It is

so arranged that by a single operation K, is opened and immediately

thereafter Ks is closed.

acorentrinpemensesnenlt
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then the condenser is discharged through the ballistic

galvanometer and the throw @ is observed. Hence CKE=k0

where k is the galvanometer constant. If the galvanometer

be previously calibrated, 1. 6. if the constant k be previously

determined the capacity may be found out if EK be known.

[ Vide also Arts 58 and 155 |

Exereise XII

1. 225 cms of a potentiometer wire are required to balance

a Leclanche cell. If the cell be however shunted by 4 wire of

resistance 5 ohms only 200 oms of the potentiometer wire are
required for balancing. Find the internal resistance of the

Leclanche cell. Ans. 0°625 ohm.

2. <A 4-volt cell of internal resistance one ohm is used to

send a current through a potentiometer 2 metres long and 6

ohms in resistance. Find what length of the wire would be

required to balance a cell of E. M. F. 1'5 volts. What would be

‘this length if a resistance of 3 ohms is placed (a) in series (bd)

in parallel with the potentiometer.

Ans. 90 oms : (a) 135 oms (b) 115 oms.

3. A current of 72 milli-amperes passes through a potentio-

meter wire of resistance 25 ohms and of length 10 metres. If

€00 cms are required to balance a cell find the EH. M. F. of

the cell.

25
[Hints :—Resistance of 600 cms = 600 x 1000 15 ohms.

.. E.M. F.=72x1073 x15 =1'08 volt]

4. How does the change of temperature affeot the resis-

tance of a conductor ?

Describe an experimental arrangement illustrating how this

property of conductors is utilised in the measurement of high

temperatures. O.U. 1983

5. If the specific resistance of platinum. at 0°O is 8°96

10-6 ohms and its temperature coefficient 832 x 10~¢, find the

length of the wire of diameter 0°0274 om., which has a resis-

tance of 4 ohms af 50°O. O. U, 1938 Ans. 227 coms.
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C U, Question

1950. Write short notes on (a) Platinum Resistance

thermometer (b) Selenium cell.

1951. Why is a Wheatstone’s Bridge unsuitable for the

measurement of very low resistances ? What method would

you adopt for the acourate measurement of such resistances ?

Give a neat electrical diagram of the method and deduce the

underlying theory.

1958. Write notes on Selenium cell.

1966. (Special) Describe the Wheatstone’s bridge method

of measuring resistance.

In a slide wire bridge the wire is 100 oms long and the

standard resistance Rs is 100 ohms; a balance is obtained at a

point 47°15 cms from the end to which the unknown resistance

Rz is connected. On inter-changing Rs and Rz the balance point

ocours 52°75 oms from the same end. Find the value of Rx.

Ans. 89°41 ohms,

1967. Describe the laboratory type potentiometer and

explain the principle of its working with a suitable diagram.

How can two EH. M. F’s be compared with it ?

The current in a slide wire potentiometer is adjusted with

a rheostat so that the galvanometer reads zero when a 1°08 volt

standard oell connected to a slider, intercepts 300 cms of the

calibrated resistance wire. An unknown dry cell substituted

for the standard oell produces a null balance at 450 cms. What

is the dry cell KE. M. F ? Ans. 1°62 volt.



CHAPTER XIII

ERLECTROLYSIS

Art 116 We have hitherto considered ; “Heating

Effect’’ and “Magnetic Effect” of an electric

current. The passage of an electric current through a

substance generates heat within the substance and creates a

magenetic field in the neighbouring space but \ usually

produces no change in the composition of the substance
itself. There is however aclass of conducting substances—

usually fused salts or solutions of salts in some liquids—which

exhibit a rather curious phenomenon when a current passes

through them. The molecules of these substances consist of

two parts—a basic radical (or a positive*ion) and an acid

radical (or a negative*ion). It is found that on passing a
current through these substances these two constituent parts.

or ions are liberated near the two electrodes—positive ions

tl

Fig. 174.

near the negative electrode or cathode and negative ions near

the positive electrode or anode. These ions are also known

as anions and kations. This phenomenon is known as

Electrolysis, such substances are called electrolytic substances

* Why these ions are called positive and negative will be explainsd

later.
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and the apparatus in which the decomposition of the substance

takes place by the electric current, is called a voltameter. §

The electrode through which the current enters the solution, is the

anode and the electrode through which the current goes out of the

solution is the cathode. The current passes through the solution from

anode to cathode. In the case of a cell it is just the opposite ; the

curreni passes through the cell from the cathode to the anode.

Thus if we electrolyse acidulated} water hydrogen and

oxygen come out near the cathode and the anode respectively.

In the case of dilute hydrochloric acid solution hydrogen and

chlorine evolve near the two electrodes. Sometimes the

process is slightly more complicated. Thus when a current

is passed through NaCl solution the liberated Na ion reacts

with water producing NaOH, 2Na+2H20 =2NaOH + Hi: ;

hydrogen is thereby liberated at the cathode. Atthe other end

chlorine of course comes out. The nature of the electrodes

also, sometimes plays an important part. If we use copper

electrodes in a CuSO. solution Cu gets deposited on the

cathode ; and at the other end SO, combines with the copper

of the anode, forming CuSO, again. So nothing comes out

near the anode or the cathode and the strength of CuSO,

solution is maintained. If however the electrodes are made

of platinum instead of copper SOs does not combine with

platinum but reacts whith H20 ( of the solution ) producing

H2SOs, 2801+ 2H20 = 2HeSO, + O2 ; Oxygen thus comes out

at the anode. At the cathode Cu is of course deposited

on platinum. |

Art 117. The following definitions are very useful -—

The gram atom of an element is equal to its atomic

weight expressed in grams. Thus the gram atom of silver

is 108 gms.

The gram molecule of a compound is its molecular

weight expressed in grams. Thus the gram molecule of CuSO.

is 68+32+4x 16=159 gms.

§ Studeuts muet distinguish between a voltmeter arid a voltameter.

+ Pure water is a non-conductor of electricity. To make it conduc-

ting a little acid is added to it.



238 ELECTRICITY AND MAGNETISM Chap X11)

The gram equivalent of a compound is equal tothe gram

molecule divided by the valency of the basic radical. Thus

the gram equivalent of CuSOs is = 79°5 gms.

Gram atoms of all elements contain the same number of

atoms ; gram molecules of all compounds contain the same

number of molecules. This number ( same in either case ) is

Avogadro’s number and is usually denoted by the letter N.

The chemical equivalent of an element is its \weight in

grams, which combines with or displaces one\ gram of
\

hydrogen. Numerically, chemical equivalent = 827% atom
valency

“wee Valeney Goetvsient
Thus for Hydrogen l 1 1 gm

» sodium 23 1 23 gms

1 Copper 63 2 315 ,,

(Cupric)

» iron 56 3 18°7 _ ,,

(Ferric)

» silver 108 I 108 _ ,.

etc, etc, etc.

118 Faraday studied the phenomenon of

Art electrolysis extensively and formulated the
following laws in 1833 :—

lst Law. The amount of a substance

Kiberated by a current ss proportsonal to the

quantity of electricity passing through the electrolyte.

2nd Law. If voltameters containing dtfferent electrolytes be

connected in serses, so that the same quantity of electrictly 18

passed through all of them, amounts of different substances

liaberated at different electrodes are proportional to their respecitve

chemical equivalents.

Since the quantity of electricity is equal to the product

of the current and time (Q=4t), the Ist Law may be split up

into two laws -—

Faraday’s Laws
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(a) The amount of a substance liberated by @ current és
proportional to the current.

(b) The amount of a substance liberated by a current és
proportsonal to the time for which the current passes through the.

electrolyte,

Mathematically,

Mass of ion liberated W © ¢¢t

" W =72 zt, where z is a constant.

This constant z is called the electro-chemical equivalent
(EK. C. E) of the substance. It is defined as the amount of
the substance liberated by a unit quantity of electricity.

The 2nd law may also be enunciated thus :—

Chemical equivalents of different substances are liberated by
the same quantity of electricity.

By careful experiments this quantity has been found to be

equal to 96500 coulombs or 9650 C. G. S. units of electricity.

This is also sometimes called a Faraday of electricity.

Thus 1 gm of He, 23 gms of Na, 31'5 gms of Cu, etc., etc.

are liberated by 96500 coulombs.

Hence from the definition of EB. C. E.

1 23_ ,
— am t $9 ° e.HK. C. E of H: 96500 ° EH. C. E. of Na= 96500 ‘tc * &

Chem. Equiv. of the substance
Kk. C. E. of a substance= 96500

. .C,.E. of a substance A Chem. equiv. of A

- E. 0. K. of asubstance B Chem. Equiv. of B

This enables us to calculate E. C. EK. of a substance when

that of any other is known. For example, the E. C. E. of Ha

is known to be 0000010386 ; then since the chemical equi-

valents of Ou and of Ha are respectively equal to 31°5 and 1

B.C. E. of Cun =? x 0'00001036 = 0'000339

N.B. (1) The E.C. E of a substance can be expressed
in practical units as well asin 0. G.S. units. Thus E, C. BE.
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of Cu=0°000329 gms per coulomb=0°00329 gms per C. G. S.

unit of electricity.

(2) In the equation W =¢ézt, if three of the four quantities

involved be known, the fourth can be easily determined. If

both « and 2 are supposed to be known, both should be

expressed either in practical units or inC.G.S& units. If

however one is known and the other unknown the, unknown

will be obtained in the unit in which the known is

expressed.

A current of 0°56 amp produces a deflection of 30° in \a tangent

galvanometer- If acurrent passes through thes galvanometer and

a copper voltameter in series and tf the steady deffection of the

galvanometer be 60° find the thickness of copper depostted

untformly in 2 hours over an area of one sq. meter. [E.C.E. of

Cu =0°00033 gm per coulomb ; Density of Cu=8'9]

0'5=k tan 30°= 3 , k=05x /3= 4 practical unit.

€

“When the deflection is 60° the current i=k tan 60°= 3 amp.

”. Amount of copper deposited in 2 hours

= +. x 0°00033 x 2 x 60 x 60 = 3°564 gms.

. 3°564
° 1 = | —6 e.. required thickness 8°9 x 100x100 40x 10-6 cm

Art 119 The most successful theory attempting to

Arrhenius explain the above phenomenon, is that due to

Theory Arrhenius. Accofding to him as soon as an
electrolytic substance is dissolved in a suitable liquid, some—

not all—of the molecules of the solute are dissociated, 4. ¢.

broken up into two components or ions. Both these ions

are charged with electricity—one ion (basic radical) is charged

with+ve electricity and is therefore called positive ion or

‘anion, the other ion (acid radical) with-ve electricity and is

therefore known as negative ion or Kation. Thusa Nacl
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molecule is broken up into Na* and Cl~, a CuSO« molecule

into Cutt and SOa~~ and so on.§

It should be remembered that at ordinary dilution only a

fraction of the total number of molecules is dissociated in the

above way. The degree of dissociation, 1.e. the percentage of

dissociated molecules depends upon the dilution of the

solution. The greater the dilution the greater will be the

degree of dissociation. At infinite* dilution the dissociation

is complete, «. 6. all the molecules are dissociated.

As soon as a potential difference is established between the

electrodes placed within the solution these charged ions begin

to move, positive ions towards the cathode and negative ions

towards the anode. As a matter of fact the movement of

these charged ions constitutes the electric current through

the solution, or in other words, these ions act as carriers of

electricity for the passage of the current.

It must not be supposed that at any dilution molecules once disso-

ciated always remain in the dissociated state until an electric current

makes the ions move towards the respective electrodes. The process

is on the other hand a case of statistical equilibrium. It has been

established from various considerations that the molecules of the solute

as well as the ions produced by the dissociation of the molecules, be-

have like the molecules of a gas. They move hither and thither, collide

With one another at frequent intervals and travel short distances known

as free paths, before meeting with fresh collisions. According to modern

ideas an atom consists of a number of electrons, rotating round a

central positive nucleus. These electrons are not crowded in one

single orbit but are distributed over different orbits.** A Na atom

contains one electron in excess of those in satisfiedt orbits. A Cl atom

on the other hand, has one electron too short to make the outermost

orbit satisfied. When a Na atom combines with a Cl atom to form the

compound NaCl, the Na atom parts with its excess electron which the

Cl atom readily absorbs in order to have all its orbits satisfied, Since

§ Why these ions are charged will be explained latcr.

* For all practical purposes a large dilution may be regarded as

infinite dilution.

** The word orbit has been used here in the sense in which the

word “shell” is often used.

+t Vide Art 198,

EB. M. 16 _
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electrons are negatively charged particles, both Na atom and Cl atom

become therefore charged with electricity by this process; Na atom

having lost one electron is charged positively and Cl atom having

gained one electron, is charged negatively, Divalent atoms, such as Cu,

Cd etc., have two electrons in excess of those in satisfied orbits. These

two electrons are transferred to the acid radical when such molecules

as CuSOz, CdCl etc. are dissociated in a solution. Thus in these cases

the ions contain two electronic charges; similarly in the Case of

trivalent atoms there are three electronic charges in eath of the ions,

Ordinarily, due to electric forces existing between them these two

charged ions—a basic ion and an acidic ion—remain united forming a

neutral molecule. In the solution when they are moving hither and

thither, these neutral molecules meet with salisione.-eotl\ione amony
themselves and sometimes with already dissociated ions. As a result

of these collisions, some of the molecules are disrupted and broken up

into two component ions. Simultaneous with this process of dissocia-

tion, another process producing recombination of already dissociated

ions, also takes place. Two ions (having opposite charges) moving like

gas molecules, sometimes mutually come into contact and due to

electric force operating between them, re-unite forming an undissocia-

ted neutral molecule, What Arrhenius’ theory therefore means, is that

at any dilution a certain fraction of the total number of molecules

remains in the dissociated stage, there being always an exchange

between dissociated and undissociated molecules.

Art 120 That Arrhenius’ theory is substantially

correct is verified from the following :-—

1. It is well known that if a solute be dissolved in a

solvent (liquid), the boiling point of the solution is higher and

the freezing point is lower than those of the pure solvent.

This raising of the boiling point or the lowering of the

freezing point is proportional to the number of gram

molecules of the solute present per litre of the solution and

hence to the concentration of the solution. Thus if a known

quantity of sugar or a similar organic compound be dissolved

in water, the raising of the boiling point or the lowering of

the freezing point may be measured and thereby the molecular

weight of the solute may be determined. If however the

solute dissolved be of the class of electrolytic substances, @. 9-

NaCl, CuSOs« ete. it is found that the lowering of the freezing

point or the raising of the boiling point is greater than
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what would be expected from the amount of the substance

dissolved. At infinite dilution the effect is double of what

would be produced by the number of gram molecules of the

solute dissolved. These phenomena can be explained on

Arrhenius’ theory. For, according to this theory at any

dilution a fraction of the molecules is dissociated into ions ;

so far as the lowering of the freezing point or the raising of

the boiling point is concerned, these ions are as effective as

the neutral molecules themselves. Hence the total number

of molecules and ions being greater by the dissociation of

some of the molecules, the effect produced by them is also

greater. At infinite dilution each of the molecules is

dissociated into a pair of ions and hence the effect is doubled.

2. Westart with the following definition :—

Specific conductivitv
Equivalent conductivity = -
quiv y Concentration

Specific conductivity is simply the inverse of specific

resistance and concentration is defined to be the number of

gram equivalents of the solute per c- c. of the solution.

It is found by actual experiment that as an electrolytic

solution is gradually diluted the equivalent conductivity at

first steadily rises, ultimately at infinite dilution (¢. e. when

the dilution is sufficiently large) the equivalent conductivity

becomes constant. The actual

Equivalent relation is shown graphically
Conduclivily in Fig. 175. Arrhenius’ theory

~ een gives a correct explanation

of the phenomenon as

follows ;—

Suppose for example we

take a CuSQ, solution and

Dilulion gradually diminish the concen-

tration by diluting it with

Fig. 175 water. The total volume being

thus increased the number of ions per c.c. decreases and

conductivity which depends on the number of these carriers
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(ions) per c. c. also decreases. The question is whether the

ratio of conductivity to concentration also changes or not by

dilution. If fresh ions be not produced by dilution, the

number of ions per c. c. decreases exactly in the same ratio as

the concentration and in that case equivalent conductivity

does not change with dilution. But according to Arrhenius’

theory more and more molecules are dissociated asthe dilution

isincreased. Therefore, with gradually increasibg dilution

the number of ions per c. c. and hence conductivity decreases

no doubt but not so rapidly as the concentration :\ the ratio

conductivity to concentration therefore sncreases with dilution.

When however all the molecules are dissolved at infinite

dilution (4. 6. at a very large dilution), any further increase in

dilution does not produce fresh ions (since there are now no

more neutral molecules to be dissociated) and equivalent

conductivity does not change any more with further dilution.

Art 121 Long before electrons were discovered the

atomic nature of electricity was brought out by the phenome-

non of electrolysis as explained below.

We know that one gram atom of a substance contains N

{(Avogadro’s number) atoms. If each of these atoms carries a

charge E in the ionised state total amount of charge carried in 4

gram atom
gram atom is NE. We also know that chem equivTM valency |

hence total charge carried by a chem. equiv. of substance is

equal to — NE ~, And since chemical equivalents are libera-
valency

ted by one Faraday (9650C.G S. units) of electricity, we

must have

_NE _ = 9650 or NE9650 x valency ose (a)
valency

— 9850 x valency =~ 9650 _ X valenc
: N y 60°67 x 108 y

= 1°59 x 10~° x valency:

_ Since valency is necessarily a positive integer 1, 2, 3, etc
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the charge E carried by an ion must always be an integral

multiple of 1°59 x 10-*° C. G. S. unit of charge.

Again if m be the mass of single atom of a substance of

atomic weight A,

Nm=A see ve (b)

”. Dividing (a) by (b), we have

ma A valency vee (44)

iE
Thus m for any substance can be determined.

Art 122 = According to

what has been stated in the

preceding paragraphs we

may assume that at any

dilution there is an

approximately uniform

distribution of positive and

negative ions throughout an

electrolytic solution. With Fig. 176

the application of an electric field between two electrodes

—the anode and the cathode, these ions begin to move,

positive ions towards the cathode and negative ions towards

the anode. When the field is first applied ions have accelera-

ted velocities; but since they encounter so many neutral

molecules in their paths they soon acquire

uniform limiting velocities. These limiting

velocities—different for different kinds of ions—obviously

depend upon the strength of the potential gradient between the

electrodes. The mobility of an ion is defined to be the

uniform velocity generated under the action of unit potential

gradient. If and » be respectively the mobilities of the

positive and negative ions and V be the actual potential

gradient, ¢. 6. potential difference per cm applied between the

electrodes, the actual velocities of ions are #V and oV.

Mobllity

*« This is analogous to the limiting velocities acquired by small

droplets of rain falling freely in air under the action of gravity.
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The first step towards determination of 4 and v was made

Determination by Hittorf who determined the ratio . in an

of = ingenius way. Consider the diagram ( Fig.

177) originally given by Hittorf. Let us

suppose that at the instant of applying the field both ions are
!

A K 1

e ©0009 0000 | 0000OQGO|
OO GCOGO® ; COOEHHIO|

\

ODDOO®TM ! EOOGOOOOOHO

® ©GO©66E060 ! 0600000

6) POO : OQHOGOGHOOGOEO®
CEGOEOOOGOOO: O0NCOOE

‘ Ct) ap posilive don

(-) ——> negulive won

Fig, 177

arranged uniformly as shown in (a): to be more precise let

us suppose that there are 16 completely dissociated mole-

cules, 8 molecules on the anode side A and an equal number

on the cathode side K. For simplicity let us assume that the

velocity of positive ions is double that of negative ions,

¢.¢é. let = = 2,
"

An instant after the passage of the current the state of

affairs is as indicated in(b). The ratio of mobilities being 2

while two positive ions pass to the cathode side only one

negative ion is transferred tothe anode side. ‘Three ions

which are free on either side are deposited on each electrode

and there are now 6 molecules on the anode side and 7 mole-

cules on the cathode side. Still another instant later, as

shown in (c), three more ions (¢. ¢, 6 ions in all) are deposited

on each electrode ; there are now 4 molecules in the anode
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half and 6 in the cathode half. Thus it will be seen that at

each step, the loss in concentration of solute on the anode side

is twice as large as that on the cathode side.

Rate of f diminution in concentration at anode u

Rate of diminution in concentration at at cathode — ~ v
We have proved this when the ratio is assumed to be 2 :

this is however true generally. To determine

this ratio experimentally two beakers contain-

ing the solution are joined by a syphon tube

also containing the solution. Two electrodes are immersed in

Hence

Experiment

Fig. 178

the two breakers and an electric current is passed as shown in

Fig. 178. At the start concentration is the same in the two

beakers; but with the passage of the current the concentra-

tion diminishes at each of the two electrodes. Portions of the

solution are removed from each vessel from time to time and

are analysed chemically. Thus the rate of diminution in

concentration at each electrode is determined and hence the

. % . *
ratio > is obtained.

A further step was due to Kohlrausch who

Art 123 determined w+v. Motion of positive ions

Determination constitutes a positive current #1 from the

ofute anode to the cathode. Similarly by the

movement of negative ions we have a negative

current fa from the cathode to the anode; but this is equivalent

to a positive current é2 from the anode to the cathode. Thus

{1+ 3 represents the total current flowing through the solution
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from the anode to the cathode. As before let V be the

potential gradient so that the actual velocities of ions are uV

and vV. Let c be the concentration of the solution ¢.¢. let

there be c gram equivalents of the solute in eachc.c. of the

solution. If we also suppose that dilution is so large that all

the molecules are completely dissociated then there are c gram

equivalents of each ionin one c.c. And site one gram

equivalent of an ion carries 96500 coulombs, tots! charge of

each kind per c. c. of the solution is c. 96500 conlombs.

\
@Qpeanewes,.. ~~ ~

a

Consider now a unit area at right angles to the current.

Let us imagine a cylinder whose base is this unit area and

whose length is equal to uV taken along the direction of the

current. The volume of this cylinder being uV the number of

gram equivalents of positive ions in this cylinder is cuV and

therefore the total amonnt of positive charge within this

cylinder is cuV. 96500. And since all this charge crosses

the unit area in one second the current density ¢1 per unit area,

due to movement of positive ions, is given by

41 =cuV. 96500 amperes per sq. cm,

Similarly the current density «2 due to movement of

negative ions is

z2=cvV, 96500 amperes per sq. cm.

Hence total current density

{= 41+ 42 =cV(u+o). 96500 amperes per sq. cm.

If k be specific conductivity of the solution this current

is also equalto kV. For, & being the specific conductivity,
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1, .
3 is the resistance between the faces of a centimetre cube of

the solution and V (Potential gradient ) is the potential

difference between the same two faces ; hence by Ohm's Law,

current per sq. cm kV.

Thus cV(u+v). 96500=kvV.
1

uO 96500.

, 3s the equivalent conductivity of the solution at infinite

dilution and can therefore be measured. Hence u+v can be

determined.

Thus knowing — and w+v, uw and v can be separately

determined.

We may here profitably discuss how a

Art 124 current passes through various substances.
electricity The passage of a current means flow of

electricity ; and for electricity to flow through

a substance there must be carriers conveying electricity from

one point to another.

According to modern ideas all substances contain electrons.

In the case of a metallic conductor it is believed that at least

some of the electrons are loosely bound with the parent atoms

and can be detached quite easily ; they are more or less free

to move. When a potential difference is established between

any two points within the conductor these electrons begin to

move from the negative terminal to the positive one, ¢. ¢.

these electrons act as carriers of electric charge. It should

be noted that the movement of electrons constitutes a negative

current. A negative current from the negative terminal to

the positive one, is equivalent to a positive current in the

reverse direction.

In the case of an electrolytic substance, as we have seen,

some of the molecules of the solute are dissociated into two

oppositely charged ions. These act as carriers of

electricity and move towards the respective electrodes by the

influence of any potential difference established between two

points within the solution.
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The conduction of electricity through gases is a_ slightly

different process. Ordinarily, gases are non-conductors because

of want of any carriers of electricity; a current cannot

therefore be made to pass through a gas. Butif some of the

molecules of the gas be ionised, ¢. e. if one or more electrons

be removed from the molecules the remaining portions will

be positively charged. These positively charged molecules

(.e. positive ions) and the electrons ( which have been

removed from the molcules ) float about in the gas \ust like

ordinary molecules ; when there is any potential difference

between any two points these ions and electrons move towards

the respective electrodes, s.¢. they act as carriers and their

motion constitutes the electric current. This ionisation of gas

molecules can be brought about in a variety of ways, e. g-. by

ultra violet rays, by X rays, by Y Rays ete. etc.

Art 125 Storage battery

We are now in a position to discuss what is called a

secondary cell. Secondary cells are also sometimes referred

to as storage cells or accumulators. Cells may broadly be

divided into two classes—Primary and Secondary. In both

these cells certain chemical reactions take place, cells undergo

some changes and current is obtained at the expense of

chemical energy. In primary cells these chemical reactions

are not reversible, +. e. if after a current is drawn from the

cell a current from an external source be passed through

the cell in the reverse direction, the cell ¢s not brought back

to the initial condition. Daniell cell, Leclanche cell, Bunsen

cell etc, are common examples of primary cells. Chemical

reactions in secondary cells are on the other hand reversible ;

after a supply of current has been obtained from a secondary

cell if a current be passed by an external agency through

the cell in the opposite direction the cell is restored to the

original condition and afresh supply of current may again

be obtained from it. When the cell supplies the current

the cell is said to be discharging. When however a current

is passed by an external agency through the cell in the
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opposite direction we say that the cell is being charged.

This process of charging and discharging may be repeated a

large number of times. It should be remembered however

that the word ‘Storage’ is rather a misnomer. Electricity is

never stored in the cell. When the cell supplies the current

chemical energy is converted into electric energy ; when the

current passes through the cell in the opposite direction

electric energy is re-converted into chemical energy and a

current may again be obtained from the cell.

Art 126 Storage cells again are of two different types,

acid cells and alkaly cells, according as the electrolyte is an

acid or an alkaly. We shall consider acid cells first.

In an acid cell the two plates are lead ( Pb ) and lead

peroxide ( PbOs ). It is however found that instead of using

ordinary lead and ordinary peroxide, if they are specially

prepared or formed the capacity of the cell is increased

materially. According tothe earlier Plante process two

plates of lead are dipped ina solution of H2SQ, dsl and an

electric current is passed for some time through the cell from

an external source. A small quantity of lead peroxide is

thereby formed on the plate A (positive plate ) and on the

other plate B ( negative plate ), a thin layer on the surface is

= ———>

(a) Fig. 180 (b)

converted into what is called spongy lead. A short current

is now drawn from the cell which is thus discharged. By

repeating this process of charging and discharging the amount

of lead peroxide on the positive plate gradually increases and
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more of the negative plate is converted into spongy lead;

thus the plates are formed. But as this process requires a

long time and as this involves a fairly large cost this method
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is seldom used in modern times. In the other method known

as Faure method the two electrodes are technically known

as Grids on which active material is pasted. Grids are

generally made of an alloy of lead and antimony, the per-

centage of antimony varying between 5 and 12. In batteries

required to supply a fairly large current for short duration

light grids are generally preferred. When however the

discharge is intermittent and the battery is to be designed

for long life heavier grids are almost always used. The sbape

of the grids is specially designed—it is different with different

mantufacturers—so that the active material when pasted does

not easily come out. Afewtypes of grids may be seen in

Fig 181.

The active material generally consists of a pasty substance

prepared by mixing litharge ( PbO ) or red lead ( PbaO, ) or a

combination of these oxides with a little of dilute solution of

HaSOs. For negative plates the proportion of red lead is

much smaller than that of litharge, the range varyingfrom 0 to

about 25 per cent. For positive plates however the percentage

of red lead in the mixture varies between 60 and 80.

When litharge and red lead are each mixed up thoroughly

with dtl HeSOs the following reactions take place

PbsO4 + 2H2SO4 = 2PHSO, + PhO2 + 2H20

and PbO + H2S0,= PbSOa + H20.
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Thus in both the plates PbSOs is produced.

After the paste is firmly fixed on the grids and after it is

thoroughly dried up the grids are immersed in a solution of

atl HeSO, and the cell is charged.

During charging [ Vide Fig 180 (a) | as the current passes

through the solution water molecules are electrolysed so that

H2** ions move with the current towards the cathode B and

O7~~ ions move towards the anode A. ‘The following reactions

take place at the electrodes during charging :—

At Anode A PbS0,+07~ + H20=PbO2 + H2SO, + 2¢ i «)

At cathode B PbSO.+H2"* =Pb+ HeSO, — 2e a

where e represents the electric charge.

The cell is now in a position to supply current. If the

plates A and B be connected by a resistance (external circuit)

[Vide Fig 180 (d)], a current passes outsife the cell from A to

B. It is obvious that tnsede the cell the current now passes

from Bto A. Accordingly He** ions and O~~ ions formed by

the decomposition of water molecules now move towards A

and B respectively. The following are the reactions that take

place at the two electrodes during discharge :—

At Anode A PbO2+He** + HaSO, = PbSO, + 2H20 — Be i ()

At Cathode B Pb-+O7-~+H2S0,= PbSO,+H20+2¢ ~

It will be seen from equations (a) and (8) that during

charging H{2O molecules are absorbed and H2SQ, molecules

are produced. Reverse isthe case during discharge. Thus

the sp. gr. of H2SQOs solution rises during charging and falls

during discharge. When the cell is fully charged the sp. ger.

rises to about 1°25. Later on as the cell is discharged the

sp. gr. gradually decreases. It is not however safe to allow

the sp. gr. to go down to near about 1/18, for in that case it is

found by experience that the cell does not take the charge

fully later on during charging. From time to time the sp. gr. of

the solution is therefore measured. As it tends to approach

1°18 the cell is charged. Thus the sp. gr. of the solution may

be regarded as the true index of the condition of the cell.
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The sp. gr. of the solution sometimes increases due to

evaporation of water from the solution. To counteract this

distilled water is often added to the solution so that the level

is maintained at a definite marking usually noted on the body

of the cell by the manufacturers.

The E. M. F. of an acid cell is approximately 2 volts. It

does not change very much during discharge unless of course

the cell is discharged much beyond safety limits. \The value

of the HK. M. F. does not therefore tell us much about the

condition of the cell. |

Art 127 We shall now consider Alkaly cells. ‘The most
important type is Edison cell or NIFE, cell. As in the case

of acid cells, here also active material is attached to two

grids immersed in an electrolytic solution. The electrolyte in

this case is a solution of potassium hydroxide (KOH ) having

a sp. gr. of 1:12 to 1°25. A small amount of lithium hydroxide

is usually added to the solution. This is found to increase

the capacity of the cell. The grids are prepared of nickel-

coated steel plates provided with suitable openings in which

active material is fastened. The active material in the case

of positive plates, consists of nickelous hydroxide which is

converted into a higher oxide of nickel during the process

of formation. This being a non-conductor, fl@ke nickel or

graphite is added to it to provide necessary conductivity. In

the case of the negative plate the active material is ferrous

oxide. It is prepared by a special method, dried, ground and

then mixed with a small percentage of yellow oxide of mer-

cury.” When the cell is first charged the oxide of mercury is

converted into metallic mercury which increases the conducti-

vity of the mixture. The active material is contained innarrow

perforated nickel-plated steel tubes which are ultimately

clamped on the grid by hydraulic press.

During charging the potassium hydroxide molecules are

decomposed. K* ions go towards the cathode B and OH ions

towards the anode A. The following reactions take place at

the two electrodes.
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At Anode NiO + 20H7 = NiOz + B20 + 2e (7)

At Cathode FeOQ+2K* +H20=Fe+2KOH —2e j ou
During discharge the current passes through the solution

from B to A. K* ions therefore move towards the anode A

and OHTM ions towards the cathode B. The reactions are as

follows ‘—

At Anode NiOg+ 2K* ‘ostoen (3)

At Cathode Fe+2O0H~ =Fe0+H20 + 2¢ oS

It will be seen from equations (Y) that during charging a

water molecule is absorbed at cathode but released at Anode.

The percentage of water in the solution as a whole therefore

remains tnchanged. The same is true during discharge as

will be evident from equations (9). It is also clear from

these equations that during both charge and discharge,

as a number of KOH molecules is absorbed by combination

with the electrodes, the same number is produced by chemical

reactions. Thus the strength of the solution remains

unchanged during charging as well as during discharge. The

sp. gr. does not therefore vary at all—it is maintained constant

somewhere between 15119 and 1°25. Unlike in acid cells the

Sp. gr. is accordingly no index of the condition of the cell.

The kK. M.F. of the cell on the other hand remains

practically constant so long as the cell is ina fairly charged

condition. As the cell tends to get discharged to such an

extent that charging becomes necessary, the EK. M. F. begins

to fall. The KE. M.F. therefore is the true index of the

condition of alkaly cells- Just after the cell is fully charged

for the first time the open circuit voltage rises to about 1°48

volts: but soon after, it drops down to about 1°35 volts at

which value the E. M. F. remains more or less steady.

Exercise XIII

1. State Faraday’s laws of electrolysis.

If 3 current of 0'04 amp passing through copper sulphate

solution for 2 hours Jiberates 0°09475 gm of copper, find

how much silver will be liberated if a ourrent of 0°05 amp
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passes through silver nitrate solution for 8 hours. [ At. Wt of

Cu=63; At. Wt of Ag=108 ]. Ans. 0'6091 gm.

2. Explain the terms gram molecule, gram equivalent and

chemical equivalent.

In a water voltameter 100°6 c. c. of hydrogen at 22°C

and 56 oms of pressure are collected over platinum eleotrodes,

when a current of 0'2 amp passes through acidulath d water for
50 minutes. Find the B.C. BE. of Cu. [ Density \of hydrogen

at N. T. P.=0°0899 gms per litre ].

Ans. Q'0003824 gm per coulomb.

3. Write sbort notes on electro chemical eee
A copper voltameter and a tangent galvanometer are

in series in an eleotric circuit. If 0°4752 gm of copper are

liberated in 2 hours and if the steady deflection of the tangent

galvanometer during the period be 60°, find the reduction

factor of the galvanometer. [ At. Wt of Cu=63; E.C. E. of

H:=0'00001036 gm per coulomb |]. Ans, 0'0117C.G.S5S. unit.

4. What is meant by the mobility of an ion 2 Explain

how it oan be measured.

Find how many grams of water are decomposed by a

current of 2ampsin 2hrs. [| E. C. E. of silver=0°001118 gm

per coulomb. At. Wé of silver=108 |. Ans. 01491 gm.

5, Give an account of Arrhenius theory of electrolytic

dissociation and explain how this theory is: supported by

experimental evidence.

6. A current of 2 amperes is passed through a copper

sulphate solution. The area of the cathode surface is 1°5 square

meters. Caloulate the average increase in the thickness of the

copper deposit per minute. [H.O.E. of Ca=0 0003295 ;

Density of Cu=8'9 J. ~ Ans. 2961077 om.

7. Explain how from the phenomenon of electrolysis we

get an idea of the atomic nature of electricity.

Why cannot a single Daniell cell decompose water

continuously ? .

Calculate the minimum HK. M. F. necessary in order to

decompose water, given the E.0. EB. of Hydrogen =0°0000105

gm/amp. seo. the heat yield of 1 gm of Hydrogen in combining
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to form water = 34500 calories, J= 42x10" ergs and 1 Watt=

10” ergs/sec. C. U. 1949. Ans. 1°62 volt.

Hints: When 1 gm of hydrogen combines, energy = 34600

calories = 34500 x 4°2 x 10’ ergs. But for 1 gm of hydrogen to

; , 1 1combine, charge (Q) required = y'o000105 COMOMb= O.nugi95

C.G.8. unit. Hence if E be the required E. M. F.

EQ = 84500 « 4°2 x 107,

E = 34500 x 4°2 x 10’ x 0':000105=1'52 x 10° CG. G. S. unit

= 1°52 volt.

8. Write short notes on electrolysis and atomicity of

electricity.

Explain how the value of of an ion in electrolysis

can be determined experimentally.

9. Caloulate the number of molecules in one. c. of a gas

at N. T. P. from the following data :—

Chemical equivalent of any element is liberated by 9650

0. G. 8. units of electricity. The charge of an electron is 1°59 x

10-7° CO G. 8. units. One gram molecule of Hydrogen occupies |

92'4 Nitres at N. T. P. Ans. 2°71 10°°.

Hints : N (Avogadro's number) is the number of molecules

ina gm molecule. This ocoupies 22°4 litres at N. T. P.

-_ 2850 _ 9650
EK 1°59

., Number of-molecules in one o. o. at N. T. P.

9650

1°59 x 22'4 x 1000

And NE=9650 .. N x 10*°,

x 107° = 2°71 x 107°.

C. U. Questions.

1958. State Faraday’s Laws of Electrolysis and explain

how they may be verified experimentally.

What is the reason for believing that each monovalent

ion during electrolysis carries one electronic charge ?

1961. State Faraday’s Laws of Electrolysis and explain

how they can be verified experimentally.

E. M,17
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A ourrent of 2 amperes is passed through a CuSO,

solution. The area of the cathode surface is 15 sq. meters.

Calculate the average increase in the thickness of the copper

deposit per minute. [ EH. C. E. of Cu=0'0003294 ; density of

Cu=8'9 gms/c. c. | Ans. 296x107‘ en.

1963. What do you understand by “equivalent conduc.

tivity” of a solution ? Explain the relation betwebn equivalent

conductivity and dilution of an electrolytic solutio

Describe a method of measuring electrolytic \conductivity

of a solution. |

1965. State Faraday’s laws of electrolysis and axplain how

they have been experimentally verified.

What is the reason for believing thats monovalent atom

carries unit electric charge during electrolysis ?

1966. (Revised regulations). State Faraday’s Laws of

electrolysis. What is meant by the electrochemical equivalent

»of an element and how is it related to the chemical equivalent ?

In calibrating a 0-2 amp ammeter by using a copper volta-

meter the following data were obtained :—

Initial weight of the cathode...... 50°120 gm.

Final > ” Ter 50°701 gm.

Ammeter reading..-l amp. Time...30 minutes.

Determine the true value of the curren& and hence the

percentage error. (KE. OC. E. of copper =0°000329)

Ans. 098lamp; 1'94%



CHAPTER XIV

THERMO-ELECTRICITY

Art 128 Seebeck a Berlin physicist, discovered the
Seebeck following phenomenon in 1821 :—

If two wires of two dissimilar metals A and B be joined at

two ends and if the two junctions

T <>: be maintained at two different
ir temperatures T1 and Te then a

B current flows in the circuit.

Fig. 182 This phenomenon is now known

as Seebeck effect. Two metals

arranged in this way form a Thermo-couple; and the current

produced by the difference in temperatures is known as

Thermo current. The direction and magnitude of the current

depend upon the nature of the substances A and B. Seebeck

arranged various metals in a series (known as Seebeck series)

such that if a couple be made of any two of them, the current

flows through the cold junction from one occupying higher in

series to one coming lower. Seebeck’s original series has now

been extended and is now known as thermo-electric series

This is as follows :—

Selenium (850), Antimony (100), Iron (83), Brass (76),

Tin (72), Copper (72), Silver (72), Platinum with 80% Rhodium

(71), Gold (71), Zine (71), Lead (69), Mercury (65), Platinum

Nickel (51), Constantan (30), Bismuth (10).

If a couple consists of two of these metals the HE. M. F.

(expressed in micro-volts) generated in this couple by 1°C

difference of temperatures at the two junctions,is approximately

equal to the difference in the numbers given in brackets

against the corresponding metals.

Art 129 In 1834 Peltier discovered the converse
Peltier

effect phenomenon :—
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If two dissimilar metals A and B be joined end to end so

that initially the two junctions are at A

the same temperature and if a current

be passed in any direction through this

circuit,—say, by inserting a battery in

the circuit, one junction § gradually Fig. 183

becomes heated and the other cooled and thus aldifference of
temperature is gradually established between the two junctions.

Thus in Seebeck effect the current is produced by the

difference in temperatures at the two junctions, while in Peltier

eflect the difference in temperature is produced by the current.
Peltier effect in relation to Seebeck effect can be seen best

from the following diagrams :—

In Fig. 184 (a) the junction P is heated and the junction

QO cooled, so that a current flows in the circuit. Let us

suppose that the current flows from B to A through the

junction Q. In Fig. 184 (6) a battery isin the circuit so that

the current (due to the battery) flows in the same direction,

#.e. from B to A through the junction QO. But in this case the

junction Q gets heated and the junction P cooled.

It may be noted that in Peltier effect as soon as the

difference in temperature is created by the current from the

battery, a thermo-current tends to be produced by this differ-

ence in temperature. The difference in temperature produced

in Peltier effect is always such that the thermo-current

produced thereby opposes the current from the battery.

Generation of heat in Peltier effect is different from Joule

heating (Chapter IX) in two respects; first Joule heating

is proportional to the square of the current, whereas Peltier
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heating varies as the first power of the current; secondly,

Joule heating is independent of the direction of the current,

but Peltier effect depends upon the direction.

Art 130 These two phenomena can be explained

Explanation on in terms of electron theory. We have already

electron theory jearnt that metals contain free electrons.

The concentration of these electrons is different in different

metals producing thereby difference in conductivity of the

metals. Just as when two gases at two different pressures

are brought together the pressure tends to be equalised by the

flow of gas molecules from higher pressure to lower pressure,

A similarly when two dissimilar

+ + metals are joined together, the

TK > * concentration of electrons tends to
~ B be equalised by the flow of elec-

trons from the higher concentration

tothe lower one. Thus if A has

the greater concentration electrons flow from A to B through

the junctions. Now a metal containing free electrons also

contains some positive charges, so that as a whole the metal

is neutral. If therefore electrons (which are negatively

charged particles) pass out from A to B, B gradually acquires

negative electricity and A is gradually charged positively.

Hence at each junction the two wires on the two sides

acquire positive and negative charges and a potential difference

(contact E. M. F. or Peltier E. M. F.) is gradually established.

The flow of electrons is stopped when the contact E. M. F.

(which opposes the flow of electrons) is just sufficiently large.

Fig. 185

When the two junctions are at the same temperature the

two contact E. M. F.’s are equal and since they are oppositely

directed there is no resultant E.M.F. in the circuit. If

however the temperature of one of the junctions be changed

the flow of electrons at the junction is modified ; as a result

the contact E. M. F. is altered and a current is generated by

the resultant E. M. F. in the circuit.

On the other hand if a current be passed from a battery
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by inserting it in the circuit, the current passes down the

potential gradient at one junction and up the the potential

gradient at the other. At the former heat is evolved or

temperature is raised; at the latter heat is absorbed or

temperature is lowered. Thus a difference of temperature

is created.

Art 131 In 1851 Sir William Thomson (afterwards
Thomson effect known as Lord Kelvin) applied fhe ideas of

Thermodynamics to the thermo-couple. So far wé@ have seen

that there are two EH. M. F.’s in the couple—the two Peltier

H. M. F.’s m1 and 72 at the two junctions at temperatures Ti

and Ts. Let us now suppose that a charge QO passes round the

circuit, the charge

passing from A to Ty _—4 N,
B through the hot T, >
junction Te and let ;

the Peltier E.M.F.’s B
bedirected as shown Fig. 186
inthe diagram. It is known that energy ‘in the form of

heat) is evolved at places where the charge flows down the

potential gradient and is absorbed where the charge flows tp

the potential gradient. Hence at the junction Ts energy 72Q

is evolved and at the juuction Ti, energy 71Q is absorbed.

Since according to the second Law of Thermodynamics the

total] change of entropy* is zero, we have

wa 71 tw, Te720 TM0 4 Or oe == () or - “7,

Te T1 Te Ti Ty ]

2 TMT1 T's — T1 (a)
se ear oe aoe

U4 T1

If 7, and z2 be the only E. M.F.’s in the couple the

resultant E. M. KF. Ke=2a-71. If one of the junctions be kept

at a fixed temperature T: the Peltier E.M.¥. 7 at that
on

* Entropy is heat evolved or heat absorbed divided by the correspond-

ing temperature ; it is positive in one case and negative in the other.
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junction is also maintained constant. Hence from (a) it is

seen that K is proportional to Te-Ti. But if the tempera-

ture T's of the hot junction be gradually increased it is easily

seen by actual experiment that the E.M.F. E is not propor-

tional to the difference of temperature Te-—7T:. Sir William

Thomson therefore concluded that z1 and 72 are not the only

H. M. F.’s in the couple. He then postulated that in any wire

if two points are at a difference of temperature dT, there

exists an EK. M.F. between those two points, equal to ° dT,

o being a constant for the metal. This phenomenon is known

as Thomson effect. The constant ¢ is called Thomson

coefficient. Jt is positive if the higher temperature point is

at a higher potential and negative if reverse is the case. For

Cu, Sb, Ag, Cd, Zn ete. Tis positive and for Fe, Pt, Bi, Co,

Ni, Hg ete. © is negative. For Pb ¢ is very approximately

equal to zero,

Thus if different points of a wire for which oa is positive,

be maintained at different temperatures and if a current flows

through the wire, then in some portion of the wire the current

flows from the colder part to the hotter part, t.¢. flows up

o re. a
4 e ‘ “e a :

i ' ‘. ; “s ‘
- ." * ~ y ye?

¢ ‘ ' ' ‘

> —Q—— > é TM ) a geo pene pec t > - 4 . ron

Cold Hot COld Cold Hot Cold

Heat Heat Heat Heat

absorbed evolved evolved absorbed

o +e o —ve

Fig. 187

the potential gradient ; heat is therefore absorbed or tempera-

ture lowered in this portion. Inthe other portion where the

current flows from the hotter part to the colder part, it flows

down the potential gradient; heat is therefore evolved or

temperature raised in this portion. The reverse is the effect

for metals for which o is negative.
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Thomson’s coefficient o is sometimes called

Specific heat of the specific heat of electricity. This is only
electricity

by way of analogy.

Consider a narrow tube [ Fig. 188 (a) | through which a

liquid of sp. heat s flows very slowly—so slowly that liquid

Tacquires the temperature of the tube at every point. If at

|
v T+dT \

\

\

1 mew Pe

@
Fig. 188

two points the temperatures are maintained at T and

T+dT, the amount of heat energy required when a unit

mass of the liquid flows from the first point to the second,

is 3 dT. |

Consider now a wire [ Fig. 188 (b) J, two points of which

are similarly maintained at temperatures T and T + aT.

According to Thomson the potential difference between these

two points is odT- Hence the work done or energy required

when a unit quantity of electricity flows from the first point

to the second, is dt.

Thus inthe first case, when a unit mass of liquid flows

energy required is sdT'; in the second case, when a unit

quantity of electricity flows, energy is caT. In the first

cases is the specific heat of the liquid ; therefore in the

second case by analogy, a is called the specific heat of

electricity.

Art 132 A and B are two glass bulbs connected by
Demonstration or fof Peltier effect 2 2&tTOw tube containing a small pellet Oo

mercury. An iron copper couple is SO
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———— arranged that the two june-

In de tp tions are one in each bulb.
di

¥ At first pressures of-air within

the bulbs are equal and the

pellet of mercury rests in the

centre of the connecting tube.

If now a current be passed by

inserting a cell in the circuit

one of the two junctions is

heated and the other cooled ;

asa result, the pressures of

air within the bulbs become

unequal and the pellet begins

to move along the connecting

tube. Thus Peltier effect is

demonstrated.

A thick iron rod is bent atthree points A, BandC. A

Demonstration #24 © are placed in melting ice and Bin

of eee steam. ‘Two small holes are drilled into the

enect rod at points midway between A and B and

between B and C. These

holes are filled with mercury A | 8 c
and two thermometer bulbs _ “> VE

T: and Te are immersed Cola tot Codd

therein. At first the two ee ee ts _

thermometers indicate the

same temperature. If now

a current be passed through the rod in the direction of the

arrow, (¢ for Fe being negative) heat is absorbed in AB and

evolved in BC. Ts now records a higher temperature than

Ti, proving the existence of the Thomson effect.

Fig, 190

Art 133 The E. M. F. of a thermo-couple between
Law of int - .

diate tempera: any two temperatures T, and Tsis the sum

ture of two BE. M. F's of the same thermo-couple

between Ty and an intermediate temperature Te and between

Tz and Ts. Thus
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DRPRER - «
The E. M. F. in a thermo-couple consisting of two metals

A and B remains unaltered when one of the

taw of interme. junctions is opened out anda third metal C

is inserted, provided the two junctions at the

ends of C are at the same temperature as that at the original

junction of A and B- Thus in Fig. 191, the E\ M. F’s in the

two circuits are equal.

\
This law may also be expressed in another form —

The E. M. F.’s for a couple” / is the same as the sum of

the E. M, F's for two separate couples—A with a third metal

A Te
A 4

B

B T2

Fig. 191

C and C with B, the temveratures of the junctions bsing the

same for every couple.

TesA Te sA Te, C

ne oC) ah eeX/,Ti B Ti C T1 B

From this it follows

TesA To/A. T2,/B |

BC / ee C/ 8 C/)Ti B Ti C Ti C L 7
T2/C T2/C |

or =H ( / )-x (/ )
T1 B T, A J

Art 134 If one of the junctions in a thermo-couple he

kept at a fixed temperature and the other junction be gradually

heated it is found that the EK. M. F. of the couple at firs:

(46)
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increases, reaches a maximum and then begins to decrease

until at a certain temperature it is zero. Beyond this tem-

perature the H. M. F.is reversed and goes on increasing in

the reversed direction without showing any sign of again

coming to a maximum.)

EMF

A

oN

: \
(

§

$

i,

O' iC
' 4

ws !
t

of b Cc

Fig, 192

If the E. M. F. be plotted against the temperature of the

hot junction a curve OABD is obtained, approximately of

the shape of an inverted parabola. If, as is usually the case,

the cold junction be at O°C, the equation to the curve is

approximately EH=at+bt®, where a and b are two constants

for the given couple.

The temperature CO at which the KE. M. F. is maximum

is called the neutral temperature and the temperature B beyond

which the E. M. F. is reversed, is known as the temperature

of reversal. If the cold junction be at any temperature higher

than 0°O the origin O is shifted to O' corresponding to the

temperature Op of the cold junction. The curve is now

O’AB’D, so that the neutral temperature remains unchanged

but the temperature of reversal B’ advances towards the

neutral temperature by an amount Bg equal to Op the tempera-

ture of the cold junction.
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N. B. (1) The neutral temperature is independent of the

cold junction temperature and lies midway between the

temperature of reversal and the cold junction temperature.

(2) At neutral temperature E is maximum and therefore

= =(, Hence differentiating E* =at+ bt, we have a+ 2bt=0

ort=- a This is the neutral temperature a id it can there.

fore be determined when the constants a and are known.

Art 135 In a thermo couple we _ have} to consider

Peltier EK. M. F.’s 71 & zz at the two junctions at temperatures

2 2

T1, Tz and Thomson E.M.F.’s f oat and f o. adT in the

1 1

two metals A and B- Thus the resultant EK.M.F. in the circuit

is given by [ see Fig. 193 |

2 2Bem-m- f o ar+ f o aT
1 “ 1 °

2 2

= f aTM gp f (o -o )aT ses (47)
. aT . A B
1 1

. aR dm i, | ai” dP (o. a.) (47a)

a ; osas is called the thermo-electric power in the circuit.

Let a charge QO pass round the circuit in the clockwise

direction [ Vide Fig. 193 ]. Then energy in the form of heat

is evolved at places where the charge passes down the poten-

tial gradient and is absorbed at places where the charge flows
eee At eres staal ate

* Ifthe cold junction be maintained ata temperature other than

o°C the curve may still be represented by E=at+d2?, but in this case

t represents the excess of the temperature of the hot junction over that

of the cold one. It should be remembered that this is only an approxi-

mate equation. Another equation logE=a+blogt has also been

suggested ; but this also represents the results only approximately.

er ee me ee ee een we +
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up the potential gradient. Thus at two junctions energy

m7.Q is evolved at T2 and energy 71Q is absorbed at Ti. Inthe

metals for every potential difference o sat in the metal A.

Qe, a'T is absorbed and for every potential difference ¢ pot in
the metal B, Or. aT is evolved. Since by the second ‘law of

(6,47
— my,

A

v:
. /

—————

2

6,47
1

Fig. 193

Thermodynamics, the total change of entropy is zero, we have

2
Co sat

Ts T1 1 T 1 T

i dT\ T 1
go -9

a (z\. A. *=0
aT \ 7 T

* an
T——-7r ao -?

or aT OL AL
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a id COD,
dx _ di-1(&. iP at ) from (47a)

dE |
T= Tip eee t" (48)

Substituting this value of 7 in (47a)

dE p@E dR _(g —o

aT dT? oT A B

2

Gg —9a = pO i (49)or A Bp dT? eee

If the metal B be such that its Thomson coefficient is

zerolt we have

2
> pe E

9A gy wee (49a)

dk
Art 136 If the thermo-electric power ; 7 (= =P) for

Th -electri .“diagram | ns any couple be plotted against “the tempera-
ture T a curve—very approximately a straight

line—is obtained. Let us consider two points Ai and As on

dE
P= ——

—e > 2 > Gp am ae we a @
7

O wo td

Fig. 194

RST

+ Thomson coefficient for Lead is very approximately equal to zero,
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this curve, corresponding to temperatures Ti and Ts. From

these points drop perpendiculars AiB1 and Aske to the

temperature axis and AiC1 and Aa(C2 to the thermo-electric axis.

Then OB = Ty OBe= Te OC: za Fy OCz = Ps.

ee area OBi1A1Ci— Py Ti= mp Ge
dT

ak
and area OBeA2Ce= PeTe={ T -

aT }o

Thus if the two junctions of the couple be maintained at

temperatures T1 and Ta

HN) area OBiA1C;
T

Peltier E.M.F. at Ti n=(7 1a

d

Peltier E.M.F. at Te ma(Tos ) =area OB: A.Ce
r /9

Also, Thomson E.M.F.

2 2 ,

a"~ [(ca-on)at= f Tor aT

l 4

2 2

dP (
= | T—-—adT= | T dP=area AiCiCoAa

aT

] l

Hence resultant E.M.F.

2

om—m— | (on-eu)am
1

= area OBaAeCe — area OB1A1C1— area AiCiCeAe.

TMmarea Ai BiBsAz.

Thus all the K. M. F.’s are represented by areas on this

diagram. Such a diagram is called the thermo-electric

diagram for the couple.
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Since og for lead is very approximately equal to zero the

thermo-electric diagrams for different metals are usually

plotted with lead as the other component of the couple. We

pe ewe wee 7s =>@wewvwvwesa @ iene Ge wre el lL le
O° a a 33

Fig. 195

2

ft ph, ois therefore positive or negatived

know oe To = Typ
e IP . a,8 . ° e

according as ar 3° positive or negative, ¢.¢@. according as

the curve slopes upwards or downwards. Thus in Fig. 195

for the metal A (sloping upwards) a is positive and hence ¢

is positive; and for the metal B ( sloping downwards ) ¢ is

negative because on is negative.

If a couple be formed with the metals A and B, the

junctions being maintained at temperatures Ti and Ts [Vide

Fig. 195], then

for wee | couple BE. M. F.=area A1rA2T2T1

and for Lead / R couple E. M. F.area BiBeT2T1
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Hence by the Law of Intermediate metal [Vide Art 133,

equation (46)], for the couple A |
3

z(“ /») _ a / :) _ “(4 / a)

=area BiBalels1—area A1AoT2 Ts

=area BiBeAzA1

If now the cold junction be maintained at Ti while the

temperature of the hot junction is gradually increased, the

area BiBeAzA1 gradually increases and hence the E. M. F.

also increases. This goes on until the point Nis reached.

Beyond this the EK. M. F. diminishes ; for if we take a tem-

perature Ts beyond N, the E. M. F. is the difference between

the areas BiBsT3T1 and A1A3T3T: 4. e. the E.M. F.is equal

to the difference between the two triangles NBiA1 and NBsAs.

Thus the temperature Tn corresponding to the point N, gives

A
us the neutral temperature for the couple / B

The thermo-electric diagram therefore gives tus all possible

information with regard to thermo-electric effect.

The thermo-electric power of tron ts 17384 micro-volis per

degree at O°C and 1247 at 100°C, that of copper is 136 at O°O

and 281 at 100°C. Calculate the ER. M. F.of an tron-copper

couple between the temperatures O°C and 100°C.

If P represents the thermo-electric power at any tempera-

ture Pelter KE. M. F. z=TP and Thomson coefficient

aP

on? oT
For the iron-copper couple, at 0°C Po=1734 - 136 = 1598

and at 100°C Pioo = 1247 —231=1016. Hence at 0°C m=273x

1598=436254 and at 100°C 72=373 x 1016 = 378968.

dP _ 1247-1734OF ~ 4°87 and for copperAgain, for iron qt 100

7 = a =0°95. Hence o, (for iron) = — 4°87T

R. M. 18
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and o. (for copper) = +0°95T. “0 ,-O = 5827.

2 3738

Hence f{ (¢ -a ) at~ f -582 T aT
A B

1 273

373
m2

= 582] | = — 187986
273

\2

.. Required HE. M. Beamon { (e “9 dT
" A B

1

= 378968 — 436254 + 187986

= 130700 micro-volts =0'131 volt

This problem can also be solved with the help of thermo-

electric diagram.

In Fig. 196 T1 repre-

sents 0°C and Te 100°C.

Hence AT1=1734, DTe “KL eu
ex 1247, d

BT1=136, CT:=231 Cc

and T1T's = 100. 5 ea \ ce
Hence E.M.F.=area a

ABCD=area ATIT2D—- ee

area BT1T2C Ty Ty Temp
But area ATiT2D. Fig. 196

=area AdD+ area DTeT1d

= x 100 x (1734 — 1947) + 100 x 1247 = 149050.

And area BTi1TeC = area BLC+ area BT1T eb

= 4X 100 x (231 — 136) + 100 x 186 = 18350.

Hence E. M. F.= 149050 — 18350

= 130700 micro-volts =0°131 volt.

Art 137 Applications of thermo-electric phenomena

1. Thermo-couple.

The thermo-couple enables us to measure an unknown
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temperature. The E. M. F. generated in a thermo-couple can

easily be measured by a potentiometer. The couple is connec-

ted to the potentiometer wire AB as shown in the diagram.
The temperature Ti of one of the junctions is maintained
at 0°C by placing the junction in melting ice. The temperature

Tz of the hot function

is gradually increased

by placing the junction

Bina suitable bath. For

any temperature of the

hot junction the null

Fig. 197 point C is obtained on

the potentiometer wire.

If the potential drop V per unit length of the potentiometer

wire be previously measured and if the length AC be equal to

Lthe E. M. F. of the couple is equalto lV. Thus the E. M. F.

generated in the thermo-couple corresponding to any tempera-

ture of the hot junction is measured. An approximate formula

connecting the E. M. F. and the temperature (be the hot june.
tion) is then used. Both the equations K=at + bi? and log E

=a log t+b are sufficiently accurate for the purpose. The hot

junction is successively placed at two known fixed tempera-

tures and the corresponding E. M. F.'s are measured. Substi-

tuting these values in any of the above equations two equations

are obtained from which the constants ‘a’ and ‘bd’ may be

solved for. Afterwards the E. M.F. corresponding to any

unknown temperature being measured, the unknown tempera-

ture itself may be determined.

The range of temperature which can be measured by a

thermc-couple jis extremely wide—approximately from

~200°C to about 1600°C. For temperatures up to 300°C an

iron constantan conple or a copper-constantan couple is

extremely satisfactory ; for they develop quite a large E. M. F.

—abourt 40 to 60 microvolts per degree difference. For high

temperatures these base metals quickly get oxidised and

cannot therefore be used. A nickel-iron couple may be used

up to 600°C ; but beyond this temperature a couple of plati-
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num and an alloy of platinum with iridium or rhodium must

be used.

2. Thermo-Pile,

The E.M.F. generated in a single thermo-couple is

usually very small—of the order of a few micro-volts. It

"ee my may however be multiplied by

) having a number of couples in

series. Two sets of bars of dissi-

A milar metals (usually Antimony

B ) and Bismuth) are joined alterna-
tely end to end. One set of junc-

B ) tions is exposed to some radation,

the other set being kept protected

by a metallic cover. Due to the

radiation the temperature of the

exposed junction is increased. A current is therefore

generated in each couple in the same direction ; all these

currents are added up and a fairly strong current may be

made to pass through any sensitive galvanometer. Thus even

a faint radiation may be detected and measured by this instru-

ment. Such an instrument is known as thermo-pile.

Fig. 198

3. Radio-micrometer.

C. V. Boy’s radio-micrometer is a more sensitive instru-

ment: herein the thermo-couple and the galvanometer are

combined into one instrument. Between the two poles of

a powerful horse-shoe magnet a vertical loop of copper wire

is suspended by a quartz fibre.

The two terminals of the loop are

joined to two small bars of Sb and

Bi soldered together at the tips.

Radiation incident on this junction

raises the temperature. The current

thus generated flows through the

loop which is therefore deflected

by the magnetic field. A small

mirror M is attached to the Fig. 199
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quartz fibre and the usual lamp and scale arrangement is

made to measure the deflection. The instrument is so

sensitive that an appreciable deflection is produced by the

quantity of heat equal to that received by a 4 anna piece

placed at a distance of 1500 ft. from a candle.

4. Thermo-Galvanometer

Boys’ radio-micrometer has been modified by Duddell to

form a thermo-galvanometer. Unlike thermo-pile and radio-

micrometer this instrument measures a current. A loop of

silver wire hangs between the poles of a horse shoe magnet.

As in radio-micrometer two bars of Sb and Bi are attached

to the two terminals of the loop

and the tips of the bars are

soldered. Just below the junction

a wire is placed through which the

current to be measured is passed.‘N
C This wire is technically known

A 9 as a ‘heater’. The ‘heater’ gets
7 heated by the current and radiation

“\ May from it is incident on the Bi-Sb

junction. A current is therefore

generated in the loop which is

of ok\£ consequently deflected by the
magnetic field. The ‘heaters’ are

Fig, 200 made of various resistances ranging

from 4 ohms to 1000 ohms. In the

case of lower resistances metallic wires are used, whereas a

deposit of platinum on quartz is used for heaters of high

resistances.

The great advantage of this instrument lies in the fact

that heating is proportional to the square of the current and

hence the instrument may be used for measuring direct as well

as alternating currents. High-frequency alternating currents

of a few micro-amperes may be conveniently measured by

this instrument.
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Exercise XIV

1. Write short notes on Thomson effect. C. U. 1945.

Describe an experiment to illustrate this effect. Why is

Thomson coefficient sometimes called specific heat of

electricity ?

2. Describe a Thermo-galvanometer. In what way is it
different from an ordinary galvanometer ?

3. Explain the thermo-electric power and term tetris
diagram and show how Peltier BH. M. F., Thomgon EH. M. F.,,

Neutral temperature, temperature of reversal can all be repre-
sented in the thermo-electric diagram.

4, What is a thermo pile? A current from a battery is

passed for sometime through a thermo-pile. Immediately after-

wards the battery is removed and the thermo pile is connected

to a galvanometer. The galvanometer shows some deflection

which gradually dies off. Explain this.

mdE ad?
5. Establish z Ton and o::T qT?

One junction of a thermo-couple is maintained at O°C. The

BE. M. F. developed in the couple is 851 micro-volts when the

other junction is at 100°C and 1336 micro-volts when the

other temperature is 200°C. Assuming the relation H=bt +ct,

caloulate the neutral temperature and the temperature of

reversal for the couple. How would these be altered if the cold

junction be maintained at 20°C and not at 0°C.

Ans. 289°5C ; 565°C ; 289°5C ; 546°C.

6. The thermo electromotive force in a thermo electric

circuit is given by H=17'35 ¢ —0'0252? where E is oxpressed

in micro volts and ¢ is the temperature ( Centigrade ) of one

junction, the other junction being maintained at 0°C. Determine

the neutral temperature and the temperature of reversal for

the cirenit. If t=100°C find the Thomson E. M. F. in the

circuit and also the Peltier BE. M. H’s at the two junotions and

hence the total E. M. F. in the circuit.

Ans. 847°C: 694°C; —16154V: 4786°55zV ;

4606°554-V ; 1485#-V
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Hints: Peltier E. M. ponte =a an ( 17°36 - 0°0508 )

+ y= 998% 1786 + z2=373 (1735-0'050%100)

E_,.@E _,,
Thomson Ooeff o=T IT? T qi 0°050T

373

“. Thomson E. M. F.= - / 0°050 TAT = - 0095 (373 - 978%)
973

C. U. Questions

1958. Explain what is meant by Peltier and Thomson

effects in thermo-electricity, How would you demonstrate

experimentally the Peltier and Thomson effects ?

1960. Define Peltier and Thomson coefficients in Thermo-

electricity. Explain how the neutral temperature of a thermo-

couple can be determined experimentally.

1962. Explain Seebeck effect and Peltier effect. In what

way is Peltier heating different from Joule heating ?

Describe an experimental arrangement fo measure the

thermo E. M. F in a thermo-couple and state the type of galva-

nometer suitable for the arrangement.

1964, Explain what you understand by (a) Peltier eflect

(6) Thomson effect.

Describe an experiment to determine the temperature of 6

liquid bath utilising any of the above effects.

1964. (T. Y. D) Write notes on “Thermo-electric Seebeck-

effect”.

1965. (Old) Show that the Peltier Coefficient at a given

junction is the product of the absolute temperature and the

rate of change of the total E. M. F. in the cireuit with

tem perature.

The E. M. F. of a thermo couple one junction of which

is at O°O is given by Heat+bt*. Determine the Peltier and

Thomson coofiicients.

1966 (Special), Write notes on "Peltier effect.”



CHAPTER XV

MAGNETIC INDUCTION, THEORY OF MAGNETISM

Art 138 In a magnet the intensity of magnetisation* is

defined to be the magnetic moment per unit volume. Thus if

I be the intensity of magnetisation we have J=-=4° But mag-

netic moment M=m x1, where m is the pole strength and 2? is

the length$§ of the magnet. Hence [=e ‘ where A is the

area of cross section. Thus the intensity of magnetisation may

also be defined as the pole strength per unit area.

If we place a soft iron rod in a magnetic field of strength

H the rod is magnetised by induction. The intensity at any

point A outside the rod therefore depends on the external

field H and also on the field due to the two poles induced in

Hp

<———

77, H

WLLL Z <——
N

<__.

Fig. 201

the rod. Thisistrue for all points outstde the rod. If we

however want to determine the intensity at any point snaide

the rod, the problem becomes much more complicated. For,

intensity at a point means force experienced by a unit North

pole placed at that point; in order to determine the intensity
epenee inser

* Intensity of magnetisation must not be confused with Intensity

or Field at any point. |

§ Strictly speaking, / is the distance between the poles.
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at a point within the rod we must place a unit North pole at

that point and in order to place the unit pole we must make

a hole in the rod. The shape and size of the hole make the

problem complicated: We know that if the iron rod

(magnetised by induction) be broken into two pieces, each of

the two portions is itself a magnet, 7. ¢. poles are induced at

the face where the rod is broken. Ina similar way if a hole

be made inside the rod poles are also induced on the surface

of the hole. These poles also create a field at the point

within the hole.

Let us consider two extreme cases. First consider a hole

whose length 21 is very large when compared to its cross

section a. Then poles of strength
mop

Ta are induced on the end faces

—>» {I$ NCUOS N of the hole. These poles produce

H . . la
an intensity —,- at the centre;

a _—> b

and the total intensity at the
Fig, 202 . .

point is therefore equal fo

H+ ve But J being very large in comparison to @ we may

neglect - - Thus the field is simply H the same as the

external field.

We next consider a hole whose cross-section is very large

in comparison to the length. North and South poles of

strength I per unit area are induced on the end faces. The

case is analogous to a parallel —> —>»

plate condenser whose plates .

have a surface density ¢. We W-» jg Nils N

know that the electric intensity |
at any point inside the condenser ~ oy

is 4re. In a similar way the

magnetic intensity at any point

inside our hole is 471: Hence the resultant intensity at the

point is H+4z71, This is called magnetic induction and is

Fig. 208
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denoted by the letter B. ‘Thus

B= H+ 4zI (50)

We have considered two extreme cases: if the hole be
of any other shape the resultant intensity will have other
values lying intermediate between H and H+ 47T.

Dividing (50) by H we have :

B I
--- = ) + =

wy 1t47 GE

B. eq: .HS called permeability p» and z is known\ as suscep.

tibility k.

“. p=l+4rk oes vee (50a)

It is obvious that induced magnetism in the

rod depends on the strength of the external

field, «.e. I depends on H. If we measurel! for different

values of H and polt I against H a peculiar curve is obtained.

Starting from the origin O the curve traces the line Oab for

increasing values of H and beyond bit follows the path be

parallel to H axis. This shows that for a particular value of

H corresponding to the point b, 1 becomes maximum ; or, in

other words magnetism in the rod becomes saturated. If we

now slowly decrease the strength of H the curve separates

from the original path at 6 and ultimately cuts the I axis at d.

Od is therefore the value of I retained when the external field

is gone. This is what is known as residual magnetism. If now

the external field be reversed and gradually increased in the

reversed direction, magnetism is at first completely lost at ¢

and again ultimately becomes maximum in the reversed direc-

tion (i.e. with induced polarity reversed) at f Oe — the value

of H necessary to destroy the residual magnetism, is called

coercive force. From / the curve passes along the path fg hb

when the field is again gradually increased in the forward

direction. Thus the substance is made to follow the cyclic

path. This phenomenon is known as Hysteresis and the cycle

is known as the cycle of Hysteresis.

Art 139

Hysteresis
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Fig. 204

Art 140 We will now prove that if a magnetic
Work done — substance be taken once round a hysteresis

cycle work done thereby per unit volume of the substance is.

equal to the area of the Hysteresis loop. At any instant

during the process of magnetisation suppose an elementary
magnet (within the substance) of moment m is oriented at an

angle @ with the direction of the external field H. Component

of this ‘m' along H is mcos @ and that perpendicular to H is
m sin 9, Since by the application of the field H intensity of

magnetisation is manifested only in the direction of H, we

have

= mcos 6=] os ves (a)

and = msin @=0

where the summation is extended over all molecules ina

unit volume,

Differentiating (a) - > msin § dé =dl,
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Now the couple on the elementary magnet is mH sin 0

[ vide (9) Art 7]. To rotate it further through an angle dé in

the direction of H, 7. ¢. to change the orientation 9 by an

amount — dé,

work done= —-m H sin 6 d.

Hence for all elementary magnets in a unit volume

work done= — =m H sin 0 dé.

=Hx — =msin 0 qd,

=H dlI.

.. for a complete cycle,

total work done: f Hal

=area of Hysteresis Loop.

Thus if a specimen be taken round a complete cycle work

done per unit volume is equal tothe area of the hysteresis

loop. Energy thus spent is a loss and is known as hysteresis

loss. ‘This energy is usually converted into heat which raises

the temperature of the specimen. If a rapidly varying

alternating current be passed through the coil of an

electromagnet the core within is taken rapidly through

complete cycles ; the temperature of the core therefore rises.

If we plot B against H we obtain a similar hysteresis

loop; but the area of this loop is bigger than I-H loop. For,

BH + 4r7J,

Multiplying by @H, BdH = HdH + 4zIdH.

“ [rane [sansa [1 aH

But { Hd@H represents the area of the loop when H is

plotted against H. Obviously the curve in this case is 8

straight line. There being no loop at all the area is zero.

Hence f BaH = 47 f I dH

i.6,the area of the B-H loop is 47 times that of the I-H

loop.



Art 141 MAGNETIC INDUCTION 285

Art142l° Since B=H+4zI itis obvious that if B be

plotted against H a curve is obtained similar in shape to

1-H curve but as B always increases with H, the curve never

becomes horizontal.

p __ If we plot the perme-

ability p» against H

we obtain a curve

similar to that given

in Fig. 205. With

/ increasing values of

Ppa macs ee ces cen esses es H, B at first increases

po H much more rapidly

Fig. 205 than H; yp (which

represents the ratio of

B to H) therefore increases rapidly at first but afterwards as

I attains the saturation value the curve »-H bends down and

is ultimately assymptotic to a line parallel to H-axis.

Hysteresis curve for different specimens of iron, although

agreeing generally in the main appearance, differ from one

another in many important points. Curves for soft iron and

steel are shown in Fig. 206. These curves clearly bring out

the following points of difference in the properties of soft

iron and steel ‘-—

(1) Maximum induction (i. 6. saturation value of B) is

greater in soft iron than in steel. 
|

(2) Residual magnetism is higher in the case of soft iron

than in the case of steel.

(3) Steel has coercive force much greater than that of

soft iron.

N.B. The harder the substance the less is the residual

magnetism and the greater the coercive force.

(4) The area of the loop and hence hysteresis loss are

smaller for soft iron than for steel.

Such curves as shown in Fig 206 give ts most of the infor-

mations by which materials for different purposes may be

Selected.
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Fig. 206

For the core of an electromagnet we require a material for
Which (1) hysteresis is minimum and (2) aelectron net large maximum induction is obtained with a
comparatively smal] magnetising field. Softiron satisfies both these conditions and is therefore the most

Suitable material for this purpose.
In the case of transformer cores, telephone diaphragnisand cores of dynamo coils, the specimen is taken rapidly

through hysteresis cycles; essential con-diaphrenene. ditions are therefore (1) small hysteresis loss
and (2) large initial permeability for smallfields. Soft iron is thus more suitable for this purpose also
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than steel. An alloy known as “transformer steel” is obtained
by mixing iron with 4% silicon ; this has a large initial per-

meability and is therefore more suitable for transformer cores
and telephone diaphragms : bnt as its permeability for greater

fields is less than that of iron, it is less satisfactory than pure

iron for the cores of dynamo coils. An. alloy (known as

Permalloy) containing 22% Fe and 78% Ni has a very high
initial permeability for extremely weak fields: these

alloys are being extensively used in modern engineering

instruments.

To construct permanent magnets we require a material

having (1) high residual magnetism and (2) high coercivity.

Hysteresis loss is of no consideration in this
Permanent . . .
magnet case, for the specimen is never likely to

undergo a complete cycle. Coercive force for

steel is extremely high and residual magnetism is also not

insignificant. Steel is therefore more suitable than soft iron.

An alloy known as “‘Alnico” containing about 18% Ni, 10%

Al, 12% Co, 6% Ou, and 54% Fe has a coercive force about 12

times as large as that of ordinary steel. This excellent

material is however very hard and brittle so that it cannot

be bent and drilled satisfactorily.

It is a well known fact that when a magnet

Art. 142 is broken into two parts each of the two com-
Marnetiom ponents is itself a magnet withtwo poles at the

two ends. This process of breaking up can be

continued (at least theoretically) till the component parts are

individual atoms which cannot be broken up any [urther.

We must therefore conclude that individual atoms of a

magnetic substance are themselves elementary magnets. In

any tunmagnetised substance these atoms or elementary

magnets are promiscuously oriented so that along any direc-

tion the effect due to N poles being exactly counterbalanced

by that due to § poles the total effect is nil. With the

application of an external field however the atoms gradually

tend to orient themselves along the direction of the field so

that a net effect is produced, or in other words the substance’
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is magnetised along this direction. As the magnetising field

is gradually increased the atoms rotate more and more along

the direction of the field, ¢. 6. Intensity of magnetisation |

gradually increases. When the field H Is sufficiently large

all the atoms orient themselves along this external field and

I becomes maximum. Further increase in H cannot obviously

produce any more increase in I. Thus the jphenomenon of

magnetic saturation is satisfactorily explained\on this simple

theory. Difficulty comes in when we attenjpt to explain

residual magnetism and other facts connected with Hysteresis,

When atoms rotate by the application of an external field we

must assume that there is some opposing or restoring couple :
for otherwise the atoms would at once rotate completely by

the application of even a very weak external field. Obviously

this is not the case. What is therefore the nature of the

opposing couple and what is its origin ?

Maxwell suggested that this opposing couple. (which may

also be called restoring couple) is analogous to stresses

generated ina strained solid. Fora weak external field the

rotation of the atoms is small and when the field is removed

the restoring couple brings back the atom to their original

positions ; when however the field is large the rotation of

the atoms exceeds a certain limit (corresponding to elastic

limit) and the restoration is not complete even when the

external field is altogether removed; the phenomenon of

residual magnetism is thus exhibited. This theory however

does not explain the complete phenomenon of Hysteresis

satisfactorily. Wiedemann supposed that the opposing couple

is of the nature of friction. This theory although explaining

residual magnetism, breaks down on the ground that on this

theory a certain minimum value of the field is necessary to

overcome this frictional couple and a very weak field therefore

will not be able to magnetise a substance. Lord Rayleigh on

the other hand showed that the intensity of magnetisation 1s

not zero even when the magnetising field is extremely weak.

Ewing's The theory generally accepted as correct

Theory =— was first given by Sir J. A. Ewing. According
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to him the opposing couple on any atom is entirely due to

the action of neighbouring atoms. In the absence of any

external field the elementary magnets mutually react on one

another and hold themselves in some equilibrium position so

that they are oriented in all possible directions. With the

application of weak external field the magnets are turned

slightly. As the applied field increases in strength an unstable

mutual arrangement is reached which suddenly passes on to

amore stable arrangement producing proportionately a large

increase in the intensity of magnetisation. After this state the

process is not reversible, t.¢. residual magnetism is manifested

when the external field is removed. Finally when the external

field has become sufficiently large all the magnets are arranged

parallel to the tield. Ewing has tested his theory by experi-

ments With a model of 24 small magnets. He showed that

all the phenomena of Hysteresis are exhibited by this model

when an external field acting on these magnets is gradually

altered.

Art 143 The question still remains asto why an

Paramag- atom of a magnet should itself behave asa

Diamap- magnet. According to modern ideas each atom
netic consists of a positively charged nucleus round

which a number of electrons rotate. Rotation

of these electrons constitutes electric currents which produce

the necessary magnetic effect. This however implies that all

substances should have some magnetic effect because within

the atoms of all substances there are electrons rotating round

the centre. Recent investigation has shown that this is really

so, All substances when placed in a magnetic field exhibit

magnetic effect to a greater or lesser extent,

So far as magnetism is concerned substances bave been

_broadly divided into two classes (a) Para-magnetic and (b)

Dia-magnetic. In a non-homogeneous external magnetic field

certain substances have a tendency to move from the weaker

field to the stronger field, as if they are attracted by the

external magnet while others behave exactly in the opposite

way. Paramagnetic substances belong to the former class and

HK. M. 19

substances
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Diamagnetic substances to the latter. Within the paramagnetic

Ferromagnetic group there are a few substances, Iron, Cobalt '

substances Nickel ete., for which the effect is much

more pronounced than inthe case of other

substances. These have been classified into a separate group

and are known as Ferromagnetic substances.

Examples of paramag etic substances are

Examples Aluminium, Tin, Sodium,, Magnesium, Air,

Oxygen etc. The susceptibility k for paramag.

netic substances is independent of the \magnetic field but

decreases with the rise of temperature. or most of these

; , Cc

Effect of substances Curie-Weiss Law hes 7 is
temperature :

found to be true where C and @ are two

constants for the given substance and Tis absolute tempera.

ture. Bismuth, Gold, Copper, Sulphur, Mercury, Water etc,

are examples of diamagnetic substances, k for these substances

is independent of the field as well

as of the temperature. The effect

of temperature on Ferromagnetism

is however complicated; it has ¢—-~ +

been discussed in the next article. N “ Ms
The difference in behaviour .

between the two classes was first

systematically studied by Faraday.

A small thin rod made of a solid

substance (whose magnetic

behaviour is to be tested) was --—-

suspended by a thin thread between '

the pointed pole pieces of a -

powerful electromagnet. If the Fig. 207

substance was paramagnetic the rod set itse]f along the Jit

joining the pole pieces ; if the substance was diamagnetic tht

rod was perpendicular to this line.

* Here k represents susceptibility for untt mass, t.e. k: x where!

is intensity of magnetisation per unst mass.
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To test the nature of a liquid substance asmall quantity

of the liquid was taken in a watch glass resting upon the

pole-pieces of a powerful electromagnet. In the case of

paramagnetic substances small elevations appeared in

consequence of magnetic attraction—above the poles. In the

case of a diamagnetic liquid the repulsion gave rise to smal]

depressions above the poles with a corresponding elevation

between them.

Art 144 The susceptibility of a ferro-magnetic,

Effect of substance depends largely on temperature.

temperature The effect however is dependent on the

) oO

[Oe. ——E70C

{f -—%7TC

Fig. 209

strength of the field as well. For weak fields susceptibility

increases with temperature; reverse is the case when the

field is strong. Thus in Fig. 209 when H is small the

intensity of magnetisation I increases with increasing

temperature, But for large values of H 1 is smaller for higher
temperatures, Thus the maximum value of I (saturation value)

is less at higher temperature than at lower one.
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As the temperature is raised a peculiar phenomenon js
observed with iron at about 785°C. For weak fields the
substance is highly magnetic just before this temperature
but as soon as this temperature js reached the substance
suddenly becomes practically non-magnetic. This is shown
in Fig. 210, where pw is plotted against temperature. For
large fields the effect is gradual and not| so sudden until

|
jp

———

’ H=gO — _

_/

H=45 |

200 400 600 A800

demp 785

Fig. 210

finally at this temperature 785°C the substance becomes almost
non-magnetic. Thus whether the field is high or Jow al!

magnetic properties vanish at this temperature. This critical

temperature is known as Ourie point.

That some important molecular changes take place at this

temperature is also evident from the fact that this is also the

temperature of recalescence, ¢. «4. at this temperature a mass

of cooling iron suddenly begins to glow again; as soon as
this temperature is passed the glowing vanishes,

It is also found that above this temperature ferromagnetics

become ordinary paramagnetics obeying Curie Weiss Law.

Art 145 = We shall now discuss a method of measuring
the susceptibility and hence of drawing the hysteresis curve

for a given specimen of iron.
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The specimen is taken inthe form of a rod PQ and this

rod is placed in the vertical position within a vertical

solenoid. The current through the solenoid produces the

necessary magnetising field H*. To measure the intensity of
magnetisation I generated by this field, a magnetometer

needle M is placed in the same horizontal plane of the upper

pole P of the magnetised rod. Let] and @ be the length and

cross-section of the rod and r be the distance of the needle

from the pole P. Then /r?+/? is the distance of the needle

C,

from the pole Q. If I be the intensity of magnetisation I@ 1s

the pole-strength. Hence assuming the upper pole at P to

be the northt pole, field strength at M due to this pole

. la

is + along PM and that due to Q is yp along MQ.

:; . a
Horizontal component of this latter field is ae 

Taye

... For 3, along MP. Hence the resultant horizontal
(2412)

* This H must not be confused with Earth's horizontal component.

To avoid this confusion, we have in this article denoted the latter by H’.

t Ifthe upper pole be south the same arguments hold good but the

effect ig now reversed ¢.¢. the magnetometer needle is deflected the

other way,
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—t-} along PM. If this be at
(77 + 1°)

right angles to the Earth's horizontal component H’ the needle

rotates through an angle @ given by

tan im + -—;}
(r2 +92) /”

In this equation all the quantities extepting I are
measurable ; Hence I is determined.

To find the magnetising field due to the sole oidal current
an ammeter A is placed in series with the solenoid. The

current being measured by the ammeter the magnetising field

within the solenoid is given by H=4znt, where n is the

number of turns of the solenoid per unit length. Thus H is

determined.

By altering the resistance R the current strength ¢ and

hence the field strength H are altered and corresponding

values of I are measured. ‘Thus sets of values of I and H are

obtained for direct and reverse currents: the complete

hysteresis curve may therefore be plotted. At any stage the

intensity is Ie | 1 -

ratio i / HW gives the value of the corresponding susceptibility.

And knowing the susceptibility & the permeability “# may be

obtained from the relation #=1+ 47k.

Several sources of error must be eliminated before

correct result can be obtained

First the rod being placed vertically is magnetised hy the earth's

vertical component. This produces some effect on the magnetometer

needle. To eliminate this a vertical circular coil Ci is placed with its

axis passing through the needle. The rod PQ being magnetised by the

Farth’s vertical component a small deflection of the magnetometer

needle is produced even when the solenoidal current is zero, The

current in C, is adjusted until this deflection of the needle is destroyed.

This current is maintained constant throughout the experiment.

Sources of error

Secondly the solenoid itself behaves as a magnet when a current

passes through it; this produces a deflection of the magnetometer

needle. To eliminate this a second vertical coil Ca (also with its axis

passing through the needle) is used in series with the solenoid. The
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sod is first removed from within the solenoid and a current is passed.

The distance of the coil Cz from the needle is adjusted until the effect

on the needle due to the solenoid is exactly counterbalanced by that due

to the coil, ze. until the needle is brought back to its undisturbed

position. It is obvious that once this balancing is made for auy current
it holds good for all currents.

Exercise XV

1. Define the terms ; magnetic induction (B), intensity of

magnetisation (I), magnetic force (H), permeability (#) and

susceptibility (x). Show that w=1+ 47k. C. U. 1954.

9. In what respects do the magnetic properties of iron and

steal differ ? Define the terms Intensity of magnetisation (I)

Induction (B) and Magnetic force (H). How do you obtain the

relation B=H+47I ? What is the general oharacter of the

magnetic permeability of iron in strong fields ? C. U. 1949.

3. What is meant by ‘hysteresis’ and a ‘cycle of magneti-

sation’? Draw the hysteresis curve for (a) soft iron and

(b) steel.

Prove that the area of the B-H curve denotes 47 times the

energy dissipated per o.c. of the magnetic substance during

each cyole of magnetisation.

4. Show that when a specimen is taken round a complete

hysteresis cycle work done pere.o. of the specimen is equal

to the area of the I-H loop.

An alternating ourrent of 100 cycles per sec is passed

through an electromagnet, Caloulate the rise in temperature

of the iron inside the electromagnet in one minute (assuming

that there is no loss of heat) from the following data :-—

Area of the hysteresis loop = 50,000.

Sp. heat of iron =0°12 and Density of iron=7°7 gms/om®*
Ans. 7°73°O

Hints :—Heat generated per unit volume per minute
7

= 50,000 x 100 x 60 orgs 20 x10" = 60 oslories. If @ be the
43x10" 7

rise in temperature . =7'7x0'12 0, Hence find 0.
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5. What is the effect of temperature on (1) permeability

(2) maximum intensity of magnetisation of iron? What is

Curie point ?

6. Give an account of Ewing’s theory of magnetism.

Show how it explains the various phenomena in connection

with hysteresis.

the various phenomens of hysteresis have bebn tried to he

explained. What is the theory which more or 14es successfully
explains all the facts in this connection ? \

7. Give an account of the different brrthee by which

S. What are diamagnetic and paramagnetic substances ;

Give examples. How can it be tested whether a given substance

(solid or liquid) is paramagnetic or diamagnetic ?

9, Describe how the chief characteristics of dia-, para-

and ferromagnetic substances are experimentally distinguished,

giving a detailed treatment of any method for the determination

of magnetic susceptibility. CG. U, 1938.

C U, Question

1962. Show the general nature of a B-H loop and explain

the terms retentivity, coercivity and hysteresis with reference

to it. Compare the B-H loop for iron and steel.

Prove that the energy dissipated per unit volume of a

material during a complete bysteresis cycle is . times the

area enclosed by the B-H curve.

1964. Explain the terms (a) permeability (b) susceptibility

(c) remanence and (d) hysteresis. What is a hysteresis loop ?

Establish a relation between permeability and susceptibiliby

of a magnetic material.

1962. (Three years Course). Explain what you understand

by permeability, susceptibility and Hysteresis.

1963. (Three years Course). Define and explain the following

terms: (a) Intensity of magnetisation (b) Magnetic Induotior

(c) Permeability and (d) Susceptibility.
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Derive the relation connecting permeability and susceptibi-

lity of a magnetic substance.

1964. (Three years’ Course). Explain what you understand

by (a) hysteresis (b) retentivity and (c) coercivity of a magnetic

material. What is hysteresis loop ?

Briefly state how you oan distinguish between a ferromagne-

tic, paramagnetic and diamagnetic material.

1965. (TI. Y.D.) (a) Define magnetic permeability and

susceptibility and show how these are related to each other.

(b) Illustrate the nature of the hysteresis loop of a sample

of steel and that of a soft iron piece. Indicate from these how

the two materials differ in their magnetic behaviours.

1966. Write notes on Hysteresis as applied to magnetio

problems.

1967. Write notes on ‘Ferro-, para- and diamagnetic

materials.”



CHAPTER XVI

ELECTROMAGNETIC INDUCTION

!

Art 146 Consider a closed coil of wite and a magnet

Experimental at a certain distance. | If the magnet be moved

fact towards the coil it is found {that an instan-

taneons current is generated in the coil; if the magnet be
moved away from the coila }

current is also generated in

the coil. but this time in the
oo, IN S|

opposite direction. Thecurrent :

exists onlv so long as the \

magnet iS moving; as the

magnet is stopped the current Fig 212

also dies down.

Instead of moving the magnet towards the coil if we move

the coil towards the magnet the same effect is produced; in

fact it is the relative motion between the coil and the magnet

that produces the current in the coil. If both the coil and

the magnet be moved in the same direction with the same

speed so that there is no relative motion between them, no

current is generated in the coil.

N.B. (1) The induced current exists only so long as there is

relative motion.

(2) lf the polarity of the magnet presented to the coil be reversed

then with the approach or receding away of the magnet, the current in

the coil flows in a direction reverse to that in the preceding case,

(8) The generation of 1he current indicates that an HK. M. F. is

induced in the coil. When the coil is open, f.¢. when there is an alr

gap between the two terminals of the coil, the E. M. F. is still

generated by the relative motion of the magnet ; but in this case there

is no current because the resistance of the coil is infinitely large due

to the presence of the air gap. Ifthe induced EK. M, ¥, is sufficiently

strong sparking may take place across the air gap between the two

terminals (Vide Induction coil, Art 165),
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Art 147 Magnetic lines of force due to the magnet start
‘from the north pole and end on the Sonth pole.

299

It is obvious
\ that with the coil and& Sf the magnet in any

XQ relative position, some
= Ss of these lines of force

cut the cotl, 7. e. pass

through the area bounded

by the cotl—these lines

Fig. 213 of force are also. said

to be linked wtth the coil; they are also spoken of as flux

linked with the cotl. If the magnet be moved towards the

coil or the coil towards the magnet it is clear that the number

of lines cutting the coil increases ; if the coil and the magnet

be moved away trom each other the number decreases. In

either case an EK M. F. is induced in the coil Thus we have

the lst law of Hlectromagnetic Induction :—

Whenever the number of (magnetic) lines of

force cutting a coil varies an instantaneous

K. MM. BF. ts induced tn the crtl

If the magnet be moved quickly towards or away from the

coil the nnmber of lines of force cutting the coil varies

rapidly ; in this case the induced E. M. F. is large. On the

other hand if the relative motion be slow so that the rate of

variation of the lines of force is small, the induced HK. M. F.

is also found to be weak. The 2nd law is therefore enunciated

as follows :—

Ist Law

The strength of the H.M.F. tnduced in a cotl

is proportional to the rate of vartation of the

lines of force cutting the coil. Thus at any instant if N be the

numberTM of lines linked with the cotl,

* If the coil consists of one turn only, the number of Iines of force

linked with the coil #s the actual number crossing the area bounded by

the coil; if however the coil consists of turns the lines of force

Crossing the area are said to be linked with each turn of the coil, so that

Total number of lines of forces linked with the coll

=No. of lines of force crossing the area multiplied by the no. of
turns of the coil.

2nd Law
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Induced KH. M. F. & as wee (51)

The first law tells us when an E. M. F. is induced in a coil :

the second law gives us the strength of this induced E.M.F.and

the 3rd law indicates the direction in which the E. M. F. acts,

The Ist two laws were discovered by Faraday ; the 3rd law

was first enunciated by Lenz and is therefore sometimes

known as I.enz's Law.

This third law is best explained with the help of the

previous illustration. As the magnet is moved towards or
away from the coil an indtced |

current is generated in the i

coil. This current produces | N 5]
a magnetic field and hence (
acts on the magnet itselt. The

direction of this force on the

magnet obviously depends on Wig. 214

the direction of the induced current. According to the 8rd

law if the magnet be moving towards the coil the force will

be of repulsion ; whereas if the magnet be moved away from

the coil the force will be of attraction. Thus in every case

the force tends to retard the motion of the magnet. Hence

we have the 8rd law.—

3rd Law The induced current is aways in such a

or direction that st tends to retard the relative
Lenz's Law

motion which generates the induced current.

Thus if North pole of the magnet be moved towards the

coi] the face of the coi] towards the magnet must behave as

a North pole. The current induced in the coil therefore

appears anticlockwise to an observer moving with the magnet

[ Vide Art 86 Note (3)]. If Sonth pole of the magnet be

moved towards the coil reverse is the eflect.

The third law may be deduced from a consideration of

conservation of energy. If the magnet be given a slight push

towards the coil a small induced current is generated in the

coil. If due to this current the magnet be attracted the
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magnet will continue to move towards the coil. Thus by

spending a small amount of energy in pushing the magnet

slightly towards the coil the magnet may be made to move

through a comparatively large distance in going up to the coil.

This is evidently against the principle of conservation of

energy. It follows that when the magnet be moving towards

the coil the direction of the induced current in the coil should

be such that the magnet is repelled by the action of this

current so that the motion of the magnet towards the coil is

checked. Opposite would be the effect if the magnet recedes

away from the coil.

Mathematically, the 8rd law is expressed by placing a

aN.minus sign before LN in (51). Thus we have
at

Induced EK. M. F. © - aN
at

_d - |
.. E= -k a where K is a constant.

With suitably chosen units K may be made equal to unity.

Hence finally

aN
E dt nee ees (51a)

N.B. This equation contains all the three

Art 148 laws.
Theoretical Equation (51a) may be formally proved as

Proof follows ‘—

Consider an electric circuit carrying a

current ¢ placed in a magnetic field of strength H. Let a bar

AB—a part of the electric circuit, make an angle @ with H.

Then the force on AB is F=Hzl sin G where (AB=) acting

in a direction perpendicular to the plane containing H and AB.

If AB be capable of sliding in this direction parallel to itself

along two parallel conducting rails the force F causes it to

doso. Intime 5¢let AB move through a distance dg to the

new position A’B’, so that the work done by the force F is

Hil sin 6 8a. The energy spent thereby ultimately comes
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from the battery which produces

the current «+ in the circuit. [f

EK be the E.M.F. of the battery,

total energy spent by the battery

in time S¢ is EzS¢. Part of this

supplies the energy Hil sin @ 8

and the remaining portion is utilised

in overcoming the {esistance of the

circuit andis ulti ately converted

into heat. This latter portion is

Fig. 215 equal to 2*RSt, where\R is the resis-

tance of the circuit.

Hence FaSt: 2*7RSt+Hil sin 8. $2.

Dividing by ist, E=iR+ e "ba

HI sin 6.82

Bt
R

But ise is the area described by AB in moving through

Sa and H sin 8 isthe component of H perpendicular to this

area. The magnetic field at any point being equal tothe

number of lines of force per unit area, product H sin @ liz

represents the number of lines of force crossing the area

ABBb’A’ in the normal direction. If N be the number of lines

originally associated with the circuit, H sin @ lSz is the change

in N (by the movement of AB), or is equal to 5N.

SN

8t
R

Is

a) 2 -

E

Thus 1=

Comparing this with ordinary Ohm’s Law equation for

a fixed circuit, v1z.2TM R we conclude that due to the move-

ment of AB, é. e. by the variation of the number of lines of

force linked with the circuit, an additional KE. M. F. equal

to - oN is induced in the circuit.
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If 5¢ be infinitesimally small we have in the limit.

Induced E. M. F.= 0.

Art 149 Consider a circuit containing a battery, a

Self-Induction coil of wire and a tapping key. When the
(Inductance) 1,4, ; : -

ey is open there is obviously no current and

therefore no magnetic lines of force are linked with the coil.

When the key is pressed a current is established in the circuit.

This current produces magnetic lines of force some of which

are linked with the coil itself. As

the key is pressed the current

grows from zero tothe maximum

|» value 7, and the lines of force due

to the current also increase in

number. Hence during the growth”

of the current the number of lines of force linked with the

coil increases and an instantaneous H. M. F, is therefore

induced in the coil.

At any instant during the growth let ¢ be the instantaneous

value of the current. Clearly N the number of lines of force

linked with the coil at the same instant is proportional to the

current t. We have therefore

N = Li ves eee (52)

where Lisa constant depending on the shape and size

of the coil.

Fig. 216

aN at
e . , —% = — = ‘ vee 52

“. Induced E.M.F. E it Li (52a)

: . at
Again, as the induced E.M.F. at any instantis E= — L~

ows: , at

the rate of expenditure of energy 15 ie -Ls at Hence

total expenditure of energy #.¢. total work done in establishi
ng

4 .

the final current i= _ f ° Li ae ~tLs,*. The minus sign
Q

ere atte artis HN

—— ee en

a pecprereenermmmenteanns Tare a gee =

seem oe aA RANRRMUNAPEN Mune teint MuAh aniORLA RuRreenarminryes ie or aero nated: amma

* The time for this growth is extremely small—usually a very
small fraction of a second.

eee
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only indicates that this work is done by the induced E. M. F.

which opposes the E. M. F. of the battery. Due to the fina]

current a magnetic flux is established. Thus the work done

in establishing the magnetic flux

=4 Li” (neglecting the minus sign) wee (520)

This constant L, is called the self-induction (or simply,

induction), or inductance of the coil. We may define the

inductance from either of the three ccuatioy (52), (52a)
or (520). }

From (52), Wheni=1, L=N. Thus

The inductance of a coil is defined as the
number of lines of force linked with the coil

due to a unit current owing through the coil.

First definition

From (52a), when qt 1, L= E (neglecting the minus sign)
at

Thus the inductance of a coil is defined

Benno as the K.M.F. induced in the coil when the
rate of variation of current in the coil is unity.

From (526) if ¢, =1, L=twice the work done in establi-

shing the magnetic flux. Thus the inductance of a coil

is defined as twice the work done in

establishing the magnetic flux associated

with the final steady unit current in the coil.

Third definition

N.B. (1) Theinductance is neither a number (as given by the Ist

definition), nor an K. M. BK. (as stated in the 2nd definition), nor it 1s

energy (aa given by the 3rd definition), Like resistance it is simply 4

property of the coil. Just as resistance depends on the length, cross

section and material of the coil, similarly inductance depends only on

the shape and size of the coil, It is »easured by the number or the

induced 4. M. FE. or the energy as the case may be, as piven by the

three definitions above.

>~0000050'>- ©) | > WW(a) ®) (©)
Fig, 217

(2) A coil of wire has usually both resistance and inductance. Such
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a coil having both resistance and inductance is usually represented as

shown in Fig. 217 (a).

A coil may however be so wound that its inductance is vero. Such

winding—known as non-inductive winding—is shown in Fig 217 (b).

In this case the current in one half of the coil flows side by side with

thatin the other half; but the currents in the two halves flow in

opposite directions. The H.M. F. induced by the variation of the

current in one half cancels that generated by the variation of the

current in the other half and the resultant induced KE. M. F. is zero; or

in other words the inductance of the coil is nil. A coil having

resistance but no inductance is usually represented as shown in

Vig 217 (c).

Art 150 The inductance of a solenoidal coil may be

deterinined as follows :—

At any instant let z be the current

. through the solenoid. Dve to this

| current the field inside the solenoid

is 4ant where n is the number of

turns per untt length of the solenoid.

But field is equal to the number of lines of force per unit area

of cross-section. Hence if A be the area of cross-section of

the solenoid the total number of lines of force inside the

solenoid is 4znAi. These lines of force are obviously linked

with each turn of the solenoid. If 2 be the length of the

solenoid the total number of turns is ml. Hence if N be the

flux (é. e. total number of lines of force) linked with the

solenoid, we have

Fig, 218

N=4rnAixnl=4tnlAt

Comparing this with (52) we find that the inductance L is

given by

L = 4mm’7lA oes oes (53)

= 77n71D? ose ee (53a)

where D is the diameter of the solenoid.

If the solenoid be wound over a material of permeability pv

flux is increased » times. Hence in this case

EH. M.—20
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N = 4ra71A ps

Inductance L=4nn7lAp (533)

= 707771 D (53c)

where D is the diameter of the solenoid.

y ilsArt 151 If we have two coll A

Mutual and B side hy side or

Inductance = one ~=0 wound = over the Bl capege eo
'

t
’

a

other, the current in one—say in A— an OLOTOOET

| |produces lines of force some of which

are linked with the other coil B. A

variation of the current in A therefore Fig. 219

produces a corresponding variation of the flux linked with

B. An HE. M. F. is therefore induced in B. Jf ¢ be the

instantaneous current in A the finx N linked with B js

obviously proportional toz; it mav therefore be taken to be

equal to Mz where M is a constant depending on the shapes,

sizes and relative positions of the two coils.

Thus N= M2 ves oes (54)

.. EK. M.F. induced in 3B, E= -“" a — Nf i, or (54a)

This constant M is called the coefficient of mutual

induction (or mutual inductance) between the coils. As in the

case of self-inductance, this may be defined either from (54)

or from (54a). Thus

The mutual inductance between two coils is the flux

linked with one when the current in the other is unity.

Or

The mutual inductance between two coils is the KE. M.F.

induced in one when the rate of variation of the current in

the other is unity.

N.B. Instead of the current varying in A if the current

¢in B varies then the flux linked with A is also M#, the

constant M having the same value as before.
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Art 152 The mutual inductance between two coils C2

and Cz—one being completely wound over the other, may be

found out as follows :—

Let « be the instantaneous

current through the coil C1. Due to

this current field inside C1 is 47742

where n,; is the number of turns

per unit length of Ci. If A be the Vig. 220
cross-sectional area of Ci (or of Ce} the total number of lines of

force inside Ci is 4772,As. If the cotis Ci and Ce are so wound

over each other that all the lines of force generated by the

current in one are linked with each turn of the other then

4mn,At lines of force are linked with each turn of Ce. If ne be

the number of turns per unit length of C2 and } be the length

of either coil the total number of turns of Ce is nel. Hence if

N be the flux linked with Ce.

N= 477, AtX nol =47nynolAr

Comparing this with (54),

M=4tr nlA = 2°nynalD? (54D)

where D is the diameter of C2 (or of C1)

If Li and Le be the inductances of the coils Ci and Ca

we have from (53a)

TLaenn Db? and La=z°n.21D?

Hence from (54)) Lile=M?* nee see (55)

It is however to be remembered that this equation is

strictly true only when the flux produced by the current in

one is entirely linked with each turn of the other, t. ¢, when

there is no leakage of magnetic flux. In practice this is seldom

true. Usually there is some leakage and M is less than

/ Tale. The relation _M__ is called the coefictent of coup-
/ LaLa

ling and two mutually inductive circuits are said to be tightly

. M
or loosely coupled according as the ratio J talas approaches

iL

unity or is considerably less than unity.
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If two mutually inductive resistances are connected in

series the joint inductance is given by L=Iiat+ Le+2M, the

double sign indicating that the circuits may be connected in

two ways, ¢.e. connection may be such that the E. M. F’s

due to self-inductances may help or may oppose that due to

mutual inductance. |

Art 153 Consider a coil of wire having inductance

Circuit Contain. L and resistance R. Let the \coil be in series

ing L and R with a battery and a key. hen the circuit

is closed by pressing the key the current in the circuit grows
from zero to the maximum value and during the growth the

BK. M.F. -L - is induced in the circuit, + being the current

at any instant. Hence if E be the

EB. M. F. of the battery the total E. M. F.

. dt ; :
is E-L dt and by Ohm’s Law this must | o—

be equal to Rt. Thus during the growth

of the current
Fig. 221

at ,
E-L dt = Re eee nes (56)

If now the circuit be broken the current decays from

the maximum value t to zero; during the decay the induced

E.M.F.-L “ is still produced but the battery is out of action.

Thus -L me = Re eos wae (56a)

We shall solve (56a) first

Decay of the dt .
current -L dt =Res

Separating the variables, “ =a . dt.

_ R (
or loge «= ptt AL where Ai is an

arbitrary constant



Art 153 ELECTROMAGNETIC INDUCTION 309

Ré
— +L At As _Rt Rt

. =e =g .6 L, =Ae L , where A is

a new constant equal to Pa

To find A we impose the initial condition, vrz.,

at t=(0
Gea

474 0)

}

_Rt !

, L.,
Hence e=1e =4 6 A tr ve (56b)

() 0

L
where A=— tee nes (56c)

R

This A is called the time constant of the circuit

Krom (56b), ati=&%,

{, i=U, i. @ theoretically
at infinite time the

current reaches the zero

value: but for all

practical purposes the

rap Marge current is vanishingly
t small after a short

Becayof he current interval of time. If we
plot # against # the

Fig. 222 curve starts from the

point (t=0,4=4%) and meets the ¢ axis assymptotically, as
0)

. - t. .
shown in Fig. 222. For small values of A, x is fairly large

t

even when ¢ is small, s.e. 6 A decreases rapidly with time

and the current also dies down quickly. On the other hand

t

if AX be large, e 4 is not small unless ¢ is large, #. é. the

current ¢ decays slowly [ See Fig. 222 |

N. B. ‘\’ small means L small and R large.
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We shall now solve the equation (56) for the growth of

the current.

Growth of the current

Let s=at nS Substituting these in (8) we have
Ei

{1-L —=Ret+kE

dt dx BoM a PP
dt dt de

or L, aut Ra

_ Re}

Solving as before peAe lL '

_Re

BE EB L
Adding “Rp £0 both sides, t= R + Ae

To find A we impose the inital condition, otz.

at t=0 ae _

* ¢ R-

a=

R

ot l-e 7 LHence t=

_ t

m4 (1- ) oes oo. (5€d)
{)

E L |
= f = eee eee (56ewhere t R and aA R 5e)

From (5fid), at t=%,¢=¢ 4. e theoretically at infinite
(

time the current rises tothe maximum valued ; but for all
0

practical purposes the maximum value is reached after 4

short interval of time. The curve showing the relation

between ¢ and ¢ starts from the origin (t=0, #=0) and meets

the line =i assymptotically as shown in Fig 223. As in
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the case of the decay, the growth of the current is rapid if
i is small and slow when J is Jarge.

4

a

;
pA a eh OR ee ie ee ee ee lee ee ee le ee ee eee

-

Suath of fe eveent

Fig, 223

N.B, ‘Large 4’ means large L and small R. A large

value of L, however has no effect on the final maximum

value « of the current;it can only delay the attainment of
0

the maximum value.

Art 154 We now consider a circuit containing a capacity

Circuit contain- C and a resistance R (bunt no inductance).

ing CandR Let them be connected in series with a battery

of E M. F.E anda key. When the key is

R pressed charge begins to flow from

pe the hattery to one of the plates

A of the condenser. This induces

opposite charge on the other plateCc

| B B and similar free charge flows

Lg back to the battery from B. Thus
Fig. 224 there is a circulation of charge,

1 ®

. ¢. e. a flow of current round the
circuit. ‘This continues until the condenser is fully charged

. é until the plates attain the Pot. Diff. E; the current then

Stops.

Let Q be the charge at any instant on the positive plate of

the condenser, during the process of charging. This produces
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an instantaneous P. D. ° between the plates. This acts as

an HE. M. F. and tends to send a current in the opposite direc-

tion. Jhus during the process of charging the condenser the

. . oa QO . .
total H. M. F. in the circuit is K- Cc . Ife bethe instantane.

ous value of the current we have by Ohm’s Law
\

n- 2 =-RieR®
C dt |

or R on + CG =aH la. (57)

When the condenser is fully charged let it be disconnected

from the battery and be discharged through the resistance BR,

In this case we have a similar equation excepting that E is

zero. Thus for the discharge of the condenser

dQ QO
- + = () ees 0R dt C (57a}

We shall solve the second equation first.

Discharge ofthe gO O | dQ Q
Condenser R da =() or di CR

dQ _ dat, — tft
or 0 CR log. Q= GR + Ai

~ Fo +Ar Ar - -
..Q=e CR = g ‘ é CR = Ae CR

where A is a new constant equal toe

To find A we note that

at t=0

Qe= Q. initial maximum QO, = A

charge on the condenser

4 _¢

CR A
Hence Q=Qe -Q.6 ves (576)

where A=CR
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The product OR is called the time constant of the elreuit.

The smaller the value of A the quicker is the discharge of the

condenser and vice versa.

We now consider equation (57)

Charging of the dQ OL
condenser R at + GC E

Let Q=a2+CE os Rn? + +RoR
at CG

or dQ) ae ax Lvee Vay + 4 =

dt dt or BR it C 0

Solving as before, z=Ae CR

Adding CE to both sides, O=CE+Ae CR
at

To find A we notice that

at t= \ . V=CEH+A or A=-CE
Q-0 :

t t

Hence Q=CE(1~e" CR) =Oo( 1-67 s) bee (57c)

where QO, =CE and A=CR

As before A is the time constant of the circuit; The

rapidity or slowness of the charging of the condenser depends

on the smallness or largeness of 4.

Art 155 The capacity of a condenser may be com-

Measurement pared with that of another condenser by de

of capacity Sauty’s method. Two condensers of capacities
Ci and Ce and two non-inductive resistances Ri and Re are

placed along the four arms of a Wheatstone’s net ABCD. A

battery E and a ballistic galvanometer G are placed as

usual along the two diagonals. As the key is closed the con-

densers become charged and a momentary current passes

along each of the two branches ABC and ADC. Since initially

and finally the current is zero the points B and D are at the

Same potential at the beginning and also at the end. If also

the current grows and decays at the same rate in both bran-
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ches the points B and D remain at the same potential even

during the charging of the con.

densers and the galvanometer

does not show any deflection at

any time. The currents how-

ever grow anddecay at the

same rate in both the branches

if the time constants of the two

branches are eqhal t. ¢ when

Ci Ri = CeRe The resistances

Ri and Re are adjusted unt]
on pressing the key K no

deflection is observed in the

alvanometer. In that case

Fig, 225 Citti= CeRe or = ie

the capacities can he compared with each other. If one is

known the other can be found out.

[ Vide also Arts 58 and 115 |]

Art 156 Anderson’s Method

eeasurement Let four resistances R;, Re, Rs and Ra be

placed along the four arms of a Wheatstone’s

net ABCD. The first three

resistances are non-induc-

tive but the fourth one, viz.

R, has an inductance JL,

Tlence

As usual a hattery with a

key is placed along one

of the diagonals between A

and C. A galvarometer G

and a variable non-induc-

tive resistance X are in

series along tl:e other dia-

gonal hetween LB ard D. A

condenser of capacity C is

placed between A and O

the junction of X and G. Fig. 226
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At first the resistances are so adjusted that when the key is

kept closed and a steady current flows round the citcuit the

galvanometer shows no deflection. In that case, Ka Rs we (a)
Re Ra

Next, without altering these resistances any inore the

resistance X is adjusted until even when the key is suddenly

closed or opened, 7. e. when the current is unsteady the galva-

nometer shows no deflection. In that case the points O and

ID are at the same potential not only whenthe current is

steady but also during the growth or decay of the current.

Let p, ry and a be respectively the instantaneous currents along

Ri, Rs and X. Since no current flows through the galvano-

meter the current through the condenser 1s also a, the current

through R, is 7 and the current through Reis p+a. Let Q be

the instantaneous value of the charge on one of the plates of

the condenser C. The current through the condenser is then

aQ aQ @)
1 es =, Also ~ is th tential dii? t. é dt x Ss C is the potential diflerence between

the plates of the condenser.

Now O and D being at the same potential,

V -V_=vV.-vV

| Q =1. @. Gm rRs oor) §=69Q = CrRs (b)

dO ,_ ar. 

e 
° 

am 
aad 

a 
Rdifferentiating 2 ( ii) ORs at

Agaij _ ox: / -v.)+(v,-v,)gain, Vv, Vi, (v, Vo O r

() -
i. é. pRi= Gt AL

: -p, wee*. From (b) = pRi=rRs+CXRo 00” (o)
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Lastly, O and D being at the same potential,

(v -V )+(v -V )=v -V
O B B Cc D

. @. Xe+(pt+a)RemrRet Lh

Or pReta(X+Re)—rRi +L | a |

Substituting the value of x from (b) |

pRe+ ORa(X+Re) T= rRat Lo”

ar . a |

or pRe=rRat+L ~CRa(X+ Ra) i (a:

R rRstCXRs3 ae
Dividing (c) by (d), = _ 4

Rea dr.| rRa+ I, dy ~CRa(X + Ry) at

or Ri Ret L 27 ~CRAX+ RANT = Re rR.+CXRs- dr t
at at ut

But from (a) RiRy=ReR,. Hence cancelling rRiRs and

rR2R3 from both sides we have

Ri Le ~CR, (X + Re) af =CXRe2R:s cr
7

ar

Now since mo occurs in every term we may cancel dt

Hence RL — CR2(X + Re} = CX Res

L —OR3(X + Re) = COX oe =CXRy, {From (a) :
)

L=CR3l X + Re) +CXRa

a: m ReRs + X(Rs+ Ra)

Thus the ratio < may be determined. If either L or C

be Known the other may be found out.
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We now consider the general case of a circuit containing

Circuit contain- tance L 2
ing C, LandR .

capacity C —_—___—__»

and a resistance R. As

before when the key is pre~- ¢

ssed charge begins to flow | \
round the cireuit. If 2 be ee ~~ |e

the instantaneous value of

Cc

the current, the total H.M.F. Fig. 227

in the circuit is H- 1 @ i a. And by Ohm's Law this is

adi 6 QO
be T 3; k= L -~ —_ “ss ,equal to Rs hus Jy “Ze Ri

di ,., 9

or I, det Ri+ C =F . (58)

Similarly for the discharge of the condenser

1% +8+Ret [= wes oesdp TT Ome (58a)
We shall solve the second equation first.

Discharge of the dt ., OQ
condenser L dt +Ret+ CQ =)

. _ aQ . .aQ aQ c
| =-- . +R-We know ¢ it Laat di + ~-=0

di a®Q | . a&Q 10 4
— e668 + 2at du* at? ak pQ=0

where the new constants & and p are given by

R oe. 1 ves2k L and p CL (58d)

Writing D-=: J)?+9kD +p? =0
(

or D=-ktrJ/k-p

Leng EE VHB ay EP
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where A1 and Ag are two arbitrary constants.

= kt ; Aye we +Age” wl kt = pri } (58)

The values of Ai and Ascan be determined by imposing

initial condititions -—

at t=0 at =O)

Q=Q \ dQ _
° and , di”

(initial maximum

charge)

Substituting the Ist of these conditions in (58c)

QO, =Ay-+ Ao ees

Also fe dt

fAul-b- al Bap BoB

“. From the second initial condition

O= Ail - kt Skt —-p*) + Aol —h— / kB pd)

—k + Jk? 7?
or Azs=A

° bt J/k? - p

Substituting in (a)

_~ 2 2Ary eke: wt =O,

or AL 7 eye

. QO, ktJ/it-p? O, k =)

- Ain a/ ke? - y? - (14 J kp?
Hence from ()

nae 2? ht SR aot Bt wot

2 JSke—p? kek? -p

- So(1 a 3)
2 Jk? -p?

~~... (—k+ 1.3.

see b+ Sie — pelt

(a;
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Q 2s
Thus Q= z Vt pes Je b+ / 1k — pe

me. (-k- 2—p?(igen
If k > pequation (58c) cannot be simplified further. IfA

319

k < p equation (58c) can be reduced toa much simpler form.

Thus

— kt ee Rey —; en) *Oe i {are ?¥¥ Kb Nog inl p et

— ki, oy Ly > .= g fArlcos(a/p? — kh? tty sin (/ 2 — kg}

+ Acfcos (A/p? ~ kt) -j sin (/ p* — kt) 4)

~ kt yoo, 7 °
= [(A1+ Ae) cos (Jv? ~ hk? th+g,Ai— Ag) sin C/ — },.1)]

— ke Oy a, )
—=é A» cos (J 2 ~ kt) + Ay sin (a/ p® — 2.2) f

where A3 and Aa are two new constants

given by As=Ai+ Ae and As=7 (A1— Ag)

— kt

= Ae cos (n/ p" — k?.t- )** vee vee (58d)

where the new constants A and ¢ are given by

A=/A3" + Aa’ and tan om,

To find the values of these two constants A and 9%, the

same two initial conditions may be applied.

Thus at t=0 5 )
. == S 4 eee YO=0 “ QO, A cos

and at t=0

j represents the imaginary quantity a/ -]
** Putting As=A cos ¢and Ai=A sin ¢in the previous

step

we have g=ae cos (a/p? — k*.t - 9)
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Now Q=Ae It os (n/p? — ut — 9)

a. _Ake cos (a/p?- Wt -¢)
at

—Ae ht Joe he sin (a/p?- k2.t— $)

. O=-Ak cos $+A,/p#— i? sin

i;
tan $=an d n! pt = ke? | is

22 \ ‘se ‘0:

sin @= k and cos ba v/2?- ke
Pp D

Q
~ 7 on _.?. wae (f

from (Y) A cosd Q, pt

oP — kt (Jn? — k? $)
from (58d), Q= , aoe cos (4/p° -— k*.t-

Ni
k

wiere tan p= J 0 - 2"

a)
%

t) “© ~\

A “ee __ a Or ee
f - ad |

Fig. 223

(a) Dead-beat discharge. (b) Oscillatory discharge

(c) Dead-beat discharge in the limiting condition.
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The expression for Q in (58d) contains a cosine term. It
is therefore alternately positive and negative with the increase

of time t. The amplit . .

Oscillatory plitude again contains
discharge the exponential term _ Mt The charge

therefore alternately surges backward and

forward in the circuit with gradually decreasing amplitude
until the condenser is finally discharged. The discharge is
graphically represented in Fig. 228(b). The current in

the circuit is alternating during the process.

discharge takes place, as we have seen

The oscillatory

when kis<

ec when BF ., a
an 8S Non

I,(ae when R < 2s2. @ when 2 C

The frequency of oscillation is given bv

hy OREJ pt -k Nex ~ 4L?
os » (59)

If R be extremely small in comparison to L we have

yen
27 ,./ CL

This frequency is called the natural frequency of the

circuit,

(59a)

In the case when kis >p, there is no such oscillation: the

charge moves only in one direction 2. e. from

the positive plate to the negative one and the

condenser gradually gets discharged. This is

known as dead beat discharge. The decay of Q with ¢ is

shown in Fig. 228(a).

The case when k=p is interesting. In this limiting case

equation (58c) breaks down, for both A: and Az become infini-
E.M. 21

Deadbeat

discharge
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tely large as would appear from their respective values. To

get a solution we first imagine thata/k? —p* is not exactly

zero but a small quantity h. Equation (58c) is then reduced to

me Aw” Aw" I

!

I

|

. ; ht —ht \.
Expanding e ande by the exponential theorem = and

—since hk is small—neglecting square and higher powers oj

h, we have

gee MY Ai(1+ht) + Ao(l -m)t

=e Kens + Bot).

where B1=A1+ Ag and Be=(Ai1— Aad.

To find the values of these constants Bi and Be we app!:

the same two initial conditions.

At t=

Q= 0, "* Q, = Bi

At t=() gee M(B, + Bu)

—_dQ_ 0 | _ dQ —~kt . —kt
o- = —K + Bav= dt Bz e ke (Bi + Bat)

O= Be- kB

.e Be=kBi=kQy

Hence Q=9 6 a+) wes ese (58e)

Obviously the discharge is dead-beat in this case also,

he variation of Q with ¢ is shown in Fig. 228(c). It is to

be noted that the discharge in this case is quicker than whez

k > p.

An expression for the current may be
58Art 1 obtained by differentiating Q.
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Dead.beat discharge.

From (58c) Q=e | i } Ai wee Bt Ane J kh? — pet i

1 gat
dt

a, Kt]| Aia/ HF ~ 9? wie — pt —~ Ao /k? — 2 , — a/ k? vPae

— kt 2) 8 ~ fie— ke }arev# Pils nie a/ ki mat

— ke __ 28=e J ar Vit—p8 -i)e Si pit

—~ /i2_,2~As( Vitae i)e Vi met

~ kt 2 9 2 2_ Qoe Ji ? al Ze —p* i) Vk pit2 J kt p?

Tete (Wecmea VERS
substituting the values of Ai and Az

=~ td, Oon*e ne wh —prt_ pow ke pt |J i? aad’
Oscillatory discharge.

From (58d) Q=Ae “cos | it wae |

" i-% —Ake Moos Le" ~ kt -$ |

——, kt. “a agayetee sn Jiro

=—Ap be feos (a/p? — k2.t) cos 6 +sin (a/p?— k*,t) sin $}
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=—Ag bey cos ¢— n/p? - k? sin ¢) cos (n/p? - k2.2)

+(k sin d+ a/p*—k? cos $) sin (a/p? — 22.8)}

~ae# {| ave. pn ae Bs | cos (o/p! ~ 2)

+ |b +f on i a sin ( ¥ p* — k?.1) i
substituting the values of sin ¢ and cos ¢ from (8)

2 2 72 Lene

=-a7Hl +P s sia (n/p? = kt)

—,

mee

Pp D

=~- Ape sin (/p?- #1)

Q, pte —kt ,

= -4— > —,-. Sin (n/p* — k?.t) [ from (8) ]7 p> - k?
Dead-beat discharge in the limiting case.

—kt
From (68g) Q= Oe (1 +kt)

dQ —kt ~kt
, sma “—. =: () — ¢i= Q) ke Q ke (1 + kz)

-1Q,0° "4 1-(1 +6)

— ke.
= 24k O°

Art Is® h We shall now consider the equation for the

Chargeoe * charging of the condenser.

a 2
L ry + Ret E

a*Q. a 2.
a 7 ® to 7k

or L-
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Let O=-at+OR . @n de

- a _ da L - qt Rt gtEaE
" dt dt 2

vO. da or Lowe dz | a =
and diz dt? | at? dt * a 0

This equation can be solved in the same way as before.

Having got the value of 2, the value of Q may be obtainedtby
adding CE to a The current ¢ can then be obtained by

differentiating QO. In this case also the charging may be dead-

beat or oscillatory, the conditions being exactly the same as

before. All remarks made in the case of discharge, are

applicable to this case also. Growth of the charge under

different conditions is shown in Fig 229.

Q’

4

Fig. 229

(a) Dead-bead charging (b) Oscillatory charging (c) DPead-

beat charging in the limiting case

In the case of the oscillatory charging—as may be seen

from the diagram—the charge on the condenser and hence

the potential difference between the plates oscillates a number

of times above and below the final maximum value before
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reaching it. Thus in the initial stage the potential difference

rises much higher than the final steady value. The insulation

although it may be sufficiently strong to withstand the final

steady potential difference, may break down in the initial

stage. This may however be prevented by inserting in the

initial stage a resistance (so that the charging is not

oscillatory) which may be cut out later on. |

Find the inductance of a cotl of 100 turns puna on Q@ paper
tube 25 cms long and 6 cms radius. If the paper tube be replaced

by an iron rod of the same dimensions find how the inductance

changes. [ Permeability of tron= 1000 |

100
Here 2= 95 #4 and D=2x5=#]0

Pare

Hence from (53a) Lem? x 47x 25x10? C.G. S, units

aT? x 4® x 95 x 10?

10°

Withiron rod L=1000 x 3°95 x 10°*=0°395 henry

A circuit contains a resistance of 20 ohms, an inductance of

50 millé-henry and a battery. What ts the tume constant of this

circuit ? Whenthe circutt ts closed find after what time the

current rises to half the maztmum value. Jf the battery Le of

8 volts E. M. F. find the maximum current.

= 3°95 x 1074 henry

TL 59x 19078
Time constant A= R 29 07 0°0025,

Substituting 3 for 7 in (56d)

_t t

A r t
9 wi(1-e ) or eé =%$ or 1 = ogee.

t= 0'0025 x log, ,2 x log. 10

= ()'0025 x 0°3010 * 2°303 = 0°0017 sec.

. _E 8 .
Maximum current= R90 0'4 amp
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A condenser of capacity 100 pF is discharged through the

leakage resistance of 10° ohms. How long will it take to lose

half tts charge ?

Here time constant A=CR= 100 x 107° x 10°=100.

Oo
Hence substituting 3 for Oo in (57d)

Oo rn A i
» Woe or ¢ ©=2 or y 7108. 2

t= log,2 2100 X login2 x Jog. 10 = 69°33 secs.

Exercise XVI

1. Enunciate and explain on a quantitative basis the laws

of induction of currents in a closed circuit by means of external

influence. C. U. 1937

9. State Lenz’s Law and show how if can be explained on

the principle of conservation of energy.

A copper disc of radius 10 oms rotates 25 times a second

about an axis passing through its centre and normal to its

plane. If the plane of the disc be perpendicular to a uniform

field of intensity 100 C. G. 8. unit, find the potential difference

developed between the centre and a point on the circumference

of the disc. Ans. 7°85 milli-volts.,

3. How does the inductance of a circuit affect (a) the

growth of the current (b) the final value of the current ?

A circuit contains a resistance of 50 ohms, an inductance of

5 henry and a battery of 4 volts E. M. F. What is the current

in the circuit ? If the circuit be broken find after what time the

surrent drops down to half its value. Ans. 0°08 amp ; 0069 ses.

4. What is self induction and what is meant by non-indue-

tive winding of a coil ?

A coil of self-induction 50 henry is joined to the terminals

ofa battery of 2 volts E. M. F. through resistance 10 ohms.

What is meant by the time constant of this circuit ? What is

tho maximum current that is finally established in the circuit ?
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Find also the time in which the current rises to half the maxi-

mum value. Ans. 5; 0'°2 amp; 3°47 sec.

5. Discuss the theory of discharge of a charged condenser

through a non-inductive resistance.

A condenser of capacity 2 micro-farads is charged to a

potential diflerence of 200 volts. The terminals of the

condenser are joined by a wire of 100 obms Iresistance. Find

in what time the potential difference falls \ (1) 100 volts

(2) 10 volts, Ans. (1) 1°39 x 107* sec. (2) 5°99 x 107* sec.

6. What do you understand by self-induotance and mutual
\
\inductance ?

A solenoid wound with 800 turns of insulated wire is of

length 25 cms and diameter 5 cms. Find the inductance of the

coil. If the coil has a resistance of 10 ohms and if it is

connected to a 10 volts battery of negligible internal resistance

find how the current grows with time. Ans. 6°32 milli-henry.

7. Calculate the self-inductance of a solenoid.of 1200 turns

wound on a paper cylinder, the length of the solenoid being 60

cms and the mean radius of the turns being 1cm. Find also

the value of the inductance if the paper cylinder be replaced by

an iron cylinder, the permeability of iron being 1000.

Ans. 11137 milli-henry ; 1°137 Henry.

8. A charged condenser is discharged through a resistance

of 10 megohms andthe voltage drops from 100 units to 80

units in 5 min. Assuming that there is no leakage through

insulation resistance of the condenser find the capacity of tbe

condenser. Ans, 134'5 PF.

9. Due to defective insulation of a condenser the voltage

falls from 100 units to 90 units in 5 min. If the terminals of

the condenser are connected by a wire of resistance of 10

megohm the voltage drops from 100 units to 20 units in 2 min.

Calculate the insulation resistance of the condenser. Ans. 3715

megohm.

10. A condenser of capacitance 44F is disoharged through

an inductance of 0°25 Henry. Find the minimum resistanoe

necessary which when inserted in the circuit will prevont the

discharge from being oscillatory. Ans. 500 ohms.
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11. When is the discharge of a condenser oscillatory ?

A condenser of a capacity 0'75 microfarad is discharged

through a coil of resistance 500 ohms and of inductance 0'5

henry. Is the discharge oscillatory ? If so, find the frequency

of oscillation of discharge. Ans. 247°4 cycles per sec.

[ Hints .—Discharge is oscillatory when R <2 Ve and fre-

quency is glven by (59) |.

C. U. Questions

1954. A dise of radius 8 ems is rotated inside a long solenoid

of 50 turns per cm about an exis perpendicular to the plane

of the disc, the axis of rotation coinciding with the axis of

the solenoid. If the disc makes 600 rev/min and the current

in the solenoid is 1 amp find the potential difference between

the centre and circumference of the disc.

[ Hints: Field within the solenoid =4rni = 4z x 50 x 107%

*. Required BE. M, F.=42 x 50x 1071 xx 8? x ag

= 196300 BE. M. units = 128300 x 107° x 103=1'26 millivolé |

1955. Define and explain the term coefficient of self-

induction. Caleulate the inductance of a solenoid with an

iron core.

1957. Deduce expressions for the growth and decay of

current in a circuit containing an inductance L and a resistance

R in series with a battery of E.M.F. HE. Explain your results

with the help of diagrams. What is the time constant of the

circuit ?

1960. What do you understand by an inductive cirouit ?

Show that the current rises exponentially in a cirouit contain-

ing inductance and resistance when a steady EB. M. F. is applied

to it.

1961. Define coeficient of self inductance of a circuit.

1962. Explain what is meant by the coefhcient of self

induction of a coil.

Show that the current in a D.C. circuit containing resistance

and an induotance grows exponentially. What do you mean by

the time constant of the circuit ?
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1964. Ifa battery is suddenly connected to a circuif oon-

sisting of a resistance and an inductance in series, show that

the current grows exponentially. On what factor does the rate

of growth of current depend.

1965. [T.Y.D.]. Define coefficient of self-inductance of a

coil. Show how the currentina circuit containing a coil of

inductance L, a resistance R in series with & battery of E. M. F.

BE builds up when switched on. |
A 2 volt battery of negligible internal resistance is applied

to a coil of inductance 1 henry and of resistance 1 ohm.

Calculate the time required by the current to attain a value half

that in the steady state. Ans, 069 gece.

1966. (Old) (1) Define self-inductance. Derive an expre-

ssion for self-inductance of a long solenoid.

An asir-cored solenoid has 500 turns over a length of 40

ems. The diameter of the solenoid is 3 cms. Calculate its

self-inductance. Ans. 0°56 milli-henry.

(2) Find the expression for the current at any instant in 4

circuit of given resistance and capacitance.



CHAPTER XVII

ELECTRIC INSTRUMENTS

Art 160 Suppose a coil rotates between two poles

Dynamo of a powerful horse shoe magnet, the axis of
rotation being at right angles to the direction of the magnetic

field, Atany instant let the plane of the coil make an angle

0 with the magnetic field. Since the field strength H is the

number of lines of force per unit area, the number linked with

each turn of the coil is HA sin 9, A being the area of the coil.

Hence if there be n = wW7777

turns of the coil

the number of lines

of force linked with

the coil is given by

Ne=nHA sin 6. AS 2&UU%Zy

the coil rotates this Fig. 230

number changes and

an E. M. F. is induced in the coil the strength of which is as

follows :-—

r 6 . ; ;
i -“ =nHA cos 8 neglecting the minus sign which

A

SS sqxwso
:

XU
NSSAS f

indicates the direction.

=n Aw cos 6, if er be the constant angular

speed of rotation of the coil.

=nHAw cos wt vs ve (60)

if the angle be measured from the instant

when the plane of the coil coincides* with

the lines of force.

Obviously with the increase of time ¢ cos wt changes its

* Ifthe angle be measured from the instant when the plane of the

coil is perpendicular to the field and if the coil be rotated in the

opposite direction cos 6 is evidently equal to sin wt; if the angle be

measured from any other instant, a phase angle a is introduced.
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magnitude and sign periodically. The E.M.F. therefore

undergoes periodic changes both in magnitude as well as in

direction. Such an EK. M. F. depending on a cosine or a sine*

function of time ¢ is called an alternating E. M. F.; the

current produced by such an alternating E.M.F. is alsoa

cosine or a sine function of time and is called an alternating

current. |

The direction of current induced in a ae moving
in a magnetic field may be found out by Fleming’s Aight hand

Rule :-—

Stretch the thumb, the
forefinger and the middle

P

A

|

—— finger of your right hand

// //, | WY in such a way that each is

S/S SL perpendicular tothe other
\

|

\

(

A f/f Yp
/’ /1/ two. Then if the forefinger

/, 4 / ‘f / indicate the direction of the

LLL, pli WL / field and the thumb the
C direction of motion then

the middle finger indicates

Fig. 231 the direction of the induced

current. Thus in Fig. 231 let the coil ABCD rotate about its

axis PQ. At any instant let the arm AD be moving downwards

towards the plane of the paper and the arm BC upwards away

from the plane of the paper. Then by applying Fleming's

Right Hand Rule it can easily be seen that the current

generated in the coil at the instant is in the direction of the

arrow as shown in the diagram.

The twoterminals of the coil of wire rotating between

the pole pieces N and S [Vide Fig. 230', are connected to two

metallic rings (called slip rings) both of which rotate with the

same speed and about the same axis as the coil {Vide Fig.

932]. Two brushes pressing against the two rings lead the

current from the instrument to the external circuit. Such

* In an actual dynamo the HK. M.F. is usually a more complex

function of time; but this complex function can always be resolved by

Fourier’s Theorem into a number of cosine or sine functions.
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a machine producing an alternating E.M. F.is known as an

alternating current (A. C.) dynamo or an A.C.

generator or an alternator. The rotating part

is known as the rotor and the stationary

portion is called the stator. Sy

From (60) . E=Eocos wt ... (60a)

where Ho = nHAw . (608)

Fo is evidently the maximum value of E.

To increase EK, we have got to make one or

all of the four quantities n, H, A, was large

as possible. Values of x and A are limited by

the consideration of space between the pole

pieces. To have large values of z and A we Fig. 232

require a large air gap between the poles, but that reduces the

other factor H. The angular velocity w can be increased if

the coil be rotated by mechanical means, e. g. by an oil engine,

a steam engine or a steam turbine. Itis to be noted that the

running cost of a dynamo depends chiefly on that of this

mechanical power. Ifthe power obtained from a waterfall be

utilised for this purpose the running cost becomes extremely

small and electricity may be obtained very cheap. Such

hydro-electric power has revolutionised industry in many

foreign countries. In India it has just made a beginning.

The magnetic field H can obviously have a large value if

the magnet is an electro-magnet. But this necessitates the

use of a current obtained from some external supply. We are

thus led to the problem that in order to generate a cnrrent by a

dynamo we must have another source producing a current. The

solution of this problem depends—as we shall see below—on

the residual magnetism discussed in connection with hysteresis.

To produce the electromagnet a coil is wound round the

pole pieces ; this is known as the field coil. The coil which

rotates between the pole pieces is called the armature coil.

The field coil and the armature coil are connected, —some-

times in series, often in parallel and in certain cases in mixed

circuit. The dynamo is called series dynamo, shunt dynamo

and compound dynamo in the three different cases.
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As has been explained in the article on Hysteresis the

pole pieces,—once they are magnetised by an external field,

retain a small magnetism (residual magnetism) even when the

external field is removed. The pole pieces are therefore once

magnetised by an external source of electric current. The

residual magnetism which is left when the cutrent is switched

off is then always present and in future no more excitation of

the field coil is necessary by an external sourte. The armature

coil rotating in the weak field produced by this residual

magnetism generates a weak current; the field coil being

connected to the armature coil, part of this current flows

through the field coil also. The strength of magnetism is

thereby increased somewhat producing a corresponding

Increase in the current generated. Thus one helping the

other both the field strength and the current steadily increase

until the former reaches the saturation value when the current

also attains its maximum strength. :

Art 161 As has been explained previously the

Commutator FM. F, generated by such a dynamo is

Fig. 238
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necessarily alternating, the E. M. BK. changing its direction

after each half revolution of the armature coil. The E. M. EF.

applted to the external circuit may however be made unidirec-

tional or direct by a device known as the commutator. This

consists of a short cylinder split into two halves. The two

terminals of the armature coil—instead of being connected to

the slip rings, as explained earlier—are attached to these two

halves of the cylinder. The cvrlinder is rigidly attached to the

armature and therefore rotates with the same speed and about

the same axis.

Two carbon brushes* pressing against the cylinder at

opposite ends of a diameter, lead the current to the external

circuit. In Fig. 235 (a) the EK: M. F. is directed from the

armature to the half A and from the half Bto the armature

and is applied to the external circuit in the direction shown

inthe diagram. After halfa revolution the E. M.F. in the

armature is reversed in direction, ¢. e. itis now directed from

the ‘armature to the half B and from the half A to the

armature; but as A and B have also interchanged their

positions during this half revolution | Vide Fig. 233 (6) |, the

direction in which the E.M.F. is applied to the externa!

circuit remains unaltered.

t should however be noticed that by this simple device,

the K. M. F. in the external circuit is made unidirectional

but not of uniform strength. For without the commutator

the EK. M. F. varies with time as show in Fig. 234 (a), By

the commutator the E.M.F. in the opposite direction is

LA — No a
@ ~—~ “ume (t)

Fig, 234

§.3'

Téversed ; thereby the E. M. F.-time relation becomes as

Tepresented in Fig. 234(b). Thus the E. M. F. though

Unidirectional, fluctuates in strength with time; this is

obviously not a satisfactorv arrangement.
=e Le ete eTOReye ENaC ye mdeiRE AOL A pee Oe el ee em ENN FI, tele ge apgy anes wn Tut 8 Ate ears Lem me

* These brushes are fixed and do not rotate with the armature.
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Let us now consider the effect of a having a second coil in

series with the first placed at right angles to it. From

(60a) it is clear that when the E. M. F. in one of the coils is

maximum that in the other is zero and vice versa. In Fig. 235

the curves A and B represent the EK. M. F.’s_ produced

separately by the two coils. Since the two coils are in series

the resultant EK. M.F. is obtained by addihg up the two
E. M. F.’s algebraically. This is shown by the curve C.

|E.M.F.

Fig. 235

It is seen that the resultant E. M. F. is never zero. At its

minimum it is equal tothe maximum of any one of the two

component E. M. F.’s. Also the fluctuation, ¢. e, the difference

between maximum and minimum :values, is now much less—

actually it is 41% of the fluctuation in any component E. M. F.

produced by a single coil. Thus, with only two coils the

fluctuation with time is reduced to 41%. If more coils are

added in different angular positions the fluctuation diminishes

still further. It can be shown that with 30 such coils the

fluctuation practically ceases to exist and the resultant E. M. F.

becomes unidirectional as well as steady.

Thus in an actual dynamo instead of a single coil a

cvlinder rotates between the_pole pieces of the electromagnet,

with its axis perpendicular to the magnetic field. Along the

length of the cylinder a number of slots is cut. In these slots

coils of wire are wound so that there is a number of coils in

different angular positions, all rotating with the cylinder. The

commutator also,—instead of being divided into two parts—

consists of an even number of insulated segments. Two

terminals of each of rotating coils are connected to a pair of

these segments.
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It is so arranged that to each segment of the commutator,

two terminals—one of each of twocoils, are attached. The

coils are thus mutually connected and the resultant E. M. F.

generated by these coils is ultimately collected by a pair* of

carbon brushes pressing against the rotating segments of the

commutator. A dynamo provided with a commutator of this

typeis known asa direct current (D.C) dynamo ora D.C.

generator.

Art 162 In modern times electricity is often

Long distance generated by utilising the power of a waterfall

transmession and or of a running stream. In such cases the
generating station is miles away from the

station where electrical energy is actually consumed. It

therefore becomes necessary to transmit electric power

throughra long distance. Now power is the product of the

voltage andthe current. If electrical power is transmitted

at low voltage a heavy current must flow through the cables**

joining thetwo stations. In order that the cables may with-

stand this heavy current they must bethick. Thick cables

however are very costly. Much cost can therefore be saved if

the voltage at which power is transmitted is very high so that

the current is comparatively low and thin cables may be used.

Thus at the generating station the voltage has to be

raised to a very high value—11,000 volts or much higher.

At the other station where electric energy is actually con-
See! ee ttn ee

*

Ao set cannes Matt ee te tre om ——_—— rr a ey

In actual dynamos the number of poles of the electromagnet i is
generally greater than two. The coils of the armature are wound in

either of the two ways,—Wave winding or Lap winding. In the former

case whatever be the number of poles,the different coils are so connected

that in reality there are only two resistances in parallel and two brushes

are used to lead the LE. M. KF. tothe external circuit. Inthe latter case

however, the number of separate resistances in parallel is equal to the

number of pairs of poles and the number of brushes is the sane as the

number of poles. The brushes however are mutually so connected

that one set of brushes acts asthe positive terminal and the other set

as the negative terminal, with respect to the external circuit.

** The wires connecting two stations at a fairly long distance apart

are known as cables.

KE. M, 22
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sumed the voltage again must be lowered to 220 volts or 440

volts as desired. The instrument by which the voltage can

be increased from a low value to a high value or from a high

value to a low value is known as a Transformer. In the former

case the instrument is a step-up transformer ; in the latter the

instrument is known as a step-down trausformer.

It is to be noted that it is possible to increase or decrease
the voltage by a comparatively simple instrument in the case:

of A.C. supply. Inthe case of D. C. supply \n0 such simple
5

instrument is possible.

A simple transformer consists

of a closed soft iron laminated core

over which are wound two separate

coils which are insulated not only

from each other bnt also from the

core. The A. C. voltage to be

transformed is connected to one

of the coils, known as the primary

and the transformed voltage is

obtained from the other coil known

as the secondary. An elementary

Fig. 286 theory of the transformer is stated

as follows :—

The alternating current in the primary produces a varying,

magnetic fux which circulates round the iron core. This

flux being linked with the secondary an E. M. F. is generated

there. Since both primary and secondary are wound over

the iron core, assuming that there is no leakage the same

flux is linked with each turn of the primary or of the

secondary. Let mi and ne be the number of turns in the

primary and in the secondary respectively and at any instant

let N be the flux linked with each turn. Due to variation of

the flux

EK. M.F. Eas induced in the primary = «e

and 4H. M. F. Ee 9 i Secondary = 79 on
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Es neHence Ein In a step-up transformer nz must there-

fore be very large in comparison to m. Thus the primary

consists of a comparatively small number of turns of rather

thick wire and the secondary consists of a large number of

turns of thim wire; reverse is the case in a step-down

transformer.

If the resistance of the primary is negligibly small the

E.M.F. Eypapplied to the primary is equal tothe EB. M. F.

Ei induced in tbe primary. And if the current in the secondary

be negligibly small the K. M. F. KE, hetween the two

terminals of the secondary is equal to the E. M. F. Ee induced
~

. Ke,
in the secondary. The ratio i, is known as the transformer

Ks Ee ry "
Ep Ei If

tp and ¢, be respectively the currents in the primary and in

tbe secondary the in-put power, 1. e. power applied to fhe

primary is Epty and the output power, s e the power

ratio K. Under ideal conditions stated above

~~, e

. tee . . EHsts .
obtained from the secondary is Es4.. The ratio Re. is known

ptp

as the efficiency of the transformer. Under ideal conditions this

Ep 71 I
— reat

. $e
is equal to one. Hence ‘te “ha K

The resistance of the primary, however although small,

can never be zero. If we take into consideration the resistance

Rp of the primary it is obvious that there is a potential drop

ipR» across the primary. In that case Ep~tpRp= Ei. Similarly

if the current é: in the secondary be taken into consideration

the potential drop is¢s Re where Ry is lhe resistance of the

Secondary. In that case

Ee ~ tsRe= Ee oT Ea= He tisRe

EetioRs Hey
Henc ae .

€ Ep ~tpRyp Ei

or HetseRe= K(Ep- fyRp)
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“. Es=K(Eyp —tpRp)— tsRe

= K Ep — KisRp — teRe

= KE, —is (K?Rp+ Rs)

Ks . K?Rp+Re
fe K-82

Ey Ep
a

_ Ke. |
Thus the ratio |. is not equal to the constant K but has

PR

a variable portion depending on the secondary current 1,,

The greater is the value of the current 2\drawn from the

secondary the less is the output voltage Hs. \The efficiency

= is in this case necessarily less than one.
Kptp

Art 163 The efficiency of a transformer is also

Losses ina reduced due to various losses as enumerated
transformer below :—

(1) Eddy current loss. When the finx established by the

alternating current varies in the iron core an induced current

known as eddy current is generated in the core at right angles

tothe flux. This current generates heat ; this heat energy is

evidently a loss. This is minimised by making the core

Jaminated,¢#.e. the core is made up of thin strips of iron

insulated* from one another so that due to high resistance of

the insulation very little current flows at right angles.

(2) Hysteresis loss. Due to alternating current the core

is taken very rapidly through Hysteresis cycles. This is

made a minimum by using such a material for the core that

the area of the Hysteresis Loop for this material is extremely

small. _

(3) Copper loss. As the current flows through the copper

wires forming the primary and the secondary heat is

generated. This cannot be entirely eliminated.

(4) Loss due to leakage. A few lines of force produced

by the primary current escape into air and are not linked with

the secondary. This is known as primary leakage fiua.

Similarly some of the lines of force generated by the secondary

* This insulation is done by varnishing the strips with some paint.
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do not cut the primary. This is called secondary leakage lun.

The efficiency of the transformer is reduced due to both the

losses. These Josses are made a minimum if there is no gap

between the primary & the secondary and also between these

two coils and the iron core.

Art 164 The action of a direct current (D. 0.)

Electric motor depends on the principle illustrated in
motor

a suspended coil galvanometer. Suppose a coil

is placed between the pole pieces of a horse-shoe magnet with

its plane parallel to the magnetic field and suppose the coil

is capable of rotating freely about an axis perpendicular to

the magnetic field. Ifa current be now passed through the

coil, the coil rotates because of the couple exerted on the

current by the magnetic field (Vide Art 89). This couple

vanishes when the plane of the coil becomes perpendicular to

the magnetic field. Due to inertia however the coil over-

shoots this position (known as dead point): at the same

instant if the current through the coil be reversed in direction

the coil continues to rotate further in the same direction.

After rotating through 180° the coil again reaches the dead

point, s. é. is again perpendicular to the magnetic field. If as

it passes through this position due to inertia the current

through the coil be again reversed the coil continues in its

rotation. Thus if the current be reversed after each half

revolution when the coil overshoots the dead point the coil

goes on rotating continuously.

It is now clear that a dynamo provided with a commutator

may also act as a direct current electric motor. Let us first

Suppose that there is a single coil in the armature and the

commutator consists of only two segments [Vide Fig. 233].

The current from an external source is led to the brushes

from which the current ultimately passes through the arma-

ture coil. This produces the rotation of the armature. The

Positions of the brushes are so adjusted that when the arma-

ture coil crosses the dead point, the brushes pass on to the

other segment of the commutator and the current through the

armature is reversed in direction. This happens after every
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half revolution when the armature overshoots the dead point.

‘Thus the rotation of the armature is produced continuously.

+ In an actual motor (which is the same asa generator),

there is a number of coils (armature coils) placed in slots cut

along the length of a cylinder rotating between the pole pieces.

The commutator also, as ina generator, is divided into an

even number of segments. Two terminals of each of the coils

are connected to an opposite pair of these segments and two

brushes press against the commutator. a the dynamo the
cylinder is rotated continuously by a steam engine, an oi!

engine or by some such agency and the current produced is

led by the brushes to the external circuit. In the motor, on

the other hand, the current from an external source is led by

the brushes to armature coils and continuous rotation of the

coils and hence of the cylinder is produced.

It must however be remembered that while the armature is

rotating due tothe current from the external

Back E.M.F. source, it must also be producing an EH. M. F.

(as in a generator) because it is rotating

ina magnetic field. By Lenz’s Law this KE. M. F. (known

as back E. M. F.) is in opposition to the external E. M. F.

Thus if E be the external E. M. F. andethe back E. M. F.

generateds E-e is the resultant EK. M.F. which ultimately

sends current through the armature. Thus the current is less

after a few revolutions than at the start; for, at the start the

current is due to the external EH. M. F. E alone, but after

afew revolutions itis due to E-e. Sometimes the current

at the start isso large that there is a chance of the armature

coil being burnt ont, although it (armature) is quite capable

of standing the final current. In that case at the start a

resistance is used in series with the armature. ‘This is known

as ‘starting resistance’. After a few revolutions of the

armature the resistance is removed from the circuit; an

automatic arrangement may be made for the purpose.

We have here discussed in an elementary w&y the principle

of a D.C. motor. The principle of an A. O. motor is different

and is beyond the scope of this book.
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Art 165 An induction coil essentially consists of

induction coil two coils of wire, one wound over the other :

the inner one is known as the primary and the outer one as

the secondary. An automatic arrangement is made whereby

the primary circuit is made and broken alternately. At each

make the primary current grows and at each break the

primary current decays and hence the lines of force due to

the primary current correspondingly increase and decrease.

These lines being linked with the secondary an induced

EK. M. F.is generated in the secondary at each make and at

each break of the primary.

The primary consists of a coil of comparatively thick wire

wound over a number of laminated iron rods—known as iron

core, The secondary consists of a Jarge number of turns

of thin wire wound over the primary. A soft

Description iron hammer H placed in front of the iron

core is held by a lever whose fulcrum is F.

A platinum point just touches the lever at P. Electric connec-

tions are made as shown in Fig. 237. Usually a condenser

C is placed in parallel with the platinum contact at P.

When the key K is closed the primary circuit is complete.

Due to the primary current thus established, the iron core

becomes magnetised and attracts the iron

Action hammer H. The lever carrying the hammer

is thereby pulled towards the primary thus
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breaking the primary circuit at P. The primary current

therefore stops and the iron core is demagnetised. ‘The force

of attraction on the hammer being thereby removed the

lever springs back to its original position thus again establish.

ing the primary circuit. The action goes on repeating as

before.

As the primary circuit Aen made and

F a Fr broken an induced E. M. F. {is generated in
is greater the secondary at each make and at each break

of the primary. The strength \of the HE. M. F.

varies as the rate at which the primary current grows at make

and decays at break. This rate again depends on the time

constant (=x) of the primary circuit [Vide Art 153]. When

the primary circuit is closed the resistance R is practically

equal to that of the primary coil $ on the other hand when the

circuit is broken a small air gap appears at the platinum

contact at P, thereby increasing the total resistance enormously.

The time constant being thus reduced to a large extent at

break, the primary current decays very rapidly. The rate of

decay of the primary current at break, is therefore much

greater than the rate of growth at make. The E. M. F. induced

in the secondary is necessarily much greater at break than at

make of the primary circuit.

The E.M. F. in the secondary is usually utilised in

sending an electric discharge through agas. Ordinarily, the

KH. M. F. at make is not sufficiently large to send the discharge.

Thus although E. M. F.'s are developed in the secondary, at

make as well as at break of the primary—and these EK. M. F.’s

are oppositely directed—discharge through the gas takes place

in one direction only, due to the EK. M. F. at break. Usually

a commutator is included in the primary circuit, whereby the

current in the primary and therefore the discharge through

the gas by the secondary, may be reversed in direction.

The presence of the condenser helps to increase the
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strength of the E.M.F. at break still more. When the

Action of the primary circuit is closed the condenser is

condenser charged ; when it is broken the condenser

tends to get discharged, sending a current in

the opposite direction. Thus without the condenser, at break

of the primary the current simply drops from the maximum

value #9 down to zero value: whereas with the condenser, the

current is reversed in direction, +. 6. changes from +i to — 4.

As a result the current varies practically at double the

previous rate and the corresponding E. M. F. developed in

the secondary is also almost doubled.

The condenser also acts as a shunt forthe spark gap.

When the primary circuit is broken there is a tendency for

an arc to be formed across the air gap between the platinum

tips at P. This rapidly wears away the platinum points.

The condenser however absorbs almost all the electrical

energy and prevents the arc from forming; the platinum tips

therefore last longer.

The function of the iron core is two fold. First when it

is magnetised by the primary current it attracts the

iron hammer and thereby causes the primary

circuit to be broken. When it is demag-

netised the attraction on the hammer being

gone the primary circuit is again made. The make and break

of the primary circuit therefore essentially depend on the

action of this iron core. ‘There is another important aspect in

which the iron core affects the working of the instrument.

When it is magnetised lines of force are generated due to its

magnetism and these lines are also linked with the secondary ;

when it is demagnetised only a small residual magnetism

Temains in the core so that almost all the lines of force

previously associated with the secondary are removed. lf the

core has a large permeability » these lines are much more

humerous than those produced by the primary current alone.

The strength of the E. M.F. generated in the secondary

therefore mainly depends on the variation of these lines of

Action of the

iron core
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force due to the iron core. A core having a large permeability

and a low hysteresis loss is evidently highly suitable for use

in the induction coil; for in that case the variation of the

lines of force is very large. The core is therefore made of

soft iron (Vide Art 141),

Further, induced currents are also genetated in the core

itself due to the variation of the primary current. These

induced currents contribute nothing toward the working of
the instrunient and therefore represent a loss. This wastage

of energy is reduced to a minimum if the iton core consists
of Jaminated rods, ¢. e. rods which are long but extremely thin

and insulated from one another.

It may be noted that an induction coilis in reality a step.

up ‘transformer. Although direct current from a battery is

applied to the primary the primary current is never steady,

it is either growing or decaying. Dueto the variation of the

primary current an E. M. F. is generated in the secondary.

As the number of turns of the secondary is extremely large

in comparison to that of the primary the secondary E. M. F.

is extremely high. The induction coil is thus a step-up

transformer. By applying a battery of 4 voltsto the primary

an BE. M. F. of 10,009 volts or even more may easily be

obtained from the secondary.

In order to transmit messages from one

station to another two instruments are

necessarv ‘—(1) a transmitter and (2) a

receiver. Inthe transmitter a lever (made of a conducting

substance) has its fulcrum in the middle. Two small

metal pieces Mi and

Art 166
Telegraph

My a - _— a Ms are attached to
saa s. 2N SI0ET —— the bottom of the

S N, lever at the {two

ends and_ below

them there are tw0

Fig. 288 other fixed metal
pieces Ni and Ns. A spring S pulls the lever downwards 00
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-one side so that M1 ordinarily remains in contact with Ni. At

the other end there is a knob K. When this knob is pressed

Mi goes up and contact is made between Mz and Ne. When

the knob K is released, by the action of the spring Sthe other

end of the lever .,

comes down so that S,

contact is again

made between M1

and N1.

In the receiver

also there is a lever

AB having the ful- Fig, 239

crum in the middle at F. Near the end A just above and just

below the lever there are two fixed metallic studs S, and Sz.

A spring pulls the lever downwards on one side so that the

end A is ordinarily in contact with Si. At the other end B

a small tron piece is attached to the lower face of the lever ;

and below this there is an electromagnet E. When a current

passes through the electromagnet the iron piece is attracted

and the end B comes down ; the other end A therefore goes

up and comes in contact with Se and a short sound is thereby

=—— oe ee —
+ = | : :

i : | s

L
—— Karth arth =

Station A Fig. 240 Station B

produced. When the current through the electromagnet is

stopped the force of attraction on the iron piece is gone and

‘dy the action of the spring the end A of the lever comes
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down. As the end A comes in contact with S: another short

sound is produced.

The complete connection is now shown in Fig 240. Let

us suppose that a message is to be sent from the station A

to the station B. At A asthe knob is pressed the circuit is

completed* and a current from the battery at A passes

through the electromagnet at B and a gound is heard

there. When the knob is released at the circuit is

broken, the current through the electromagnet stops and

another sound is heard at B. ‘Thus at the station A as the

knob is pressed and released short sounds are heard at B.

The interval between any two successive sounds can evidently

be adjusted. If the interval is short itis known as a dot and

if the interval is comparatively long it is called a dash.

Different letters of the English alphabet are represented by

different combinations of these dots and dashes. Thus in

Morse code the letter A corresponds to—. Bto—... Cte

— —.andsoon. Itis clear from Fig 240 that ina similar

way a message may be sent from the station B to the station A

The function of a microphone depends

eae upon the fact that carbon granules when
loosely packed in a box offer tremendous

resistance to the current tending to pass through the box, so

that practically no current passes. If however the sides of

the box are pressed the carbon granules are more compressed,

the resistance diminishes and a current passes through the box.

The strength of the current depends upon the compression of

the carbon granules and hence on the pressure applied to the

sides of the box.

A microphone} essentially consists of a box B containing

carbon granules. On two sides of the box there are two

polished carbon plates C: and Cz the other sides being covered

* It will be seen that there is one wire connecting the two stations.

The Earth serves the purpose of the second wire so that the circuit is

completed through the Earth.

+ A microphone is popularly known as “mike”,
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up by non-conducting screens. The carbon plate Ci in front

of the box is rigidly attached to an extremely thin metallic plate

P. By means of a cone C sound waves are concentrated on P,

'As shown in the diagram an electric circuit is completed by

connecting the terminals of a battery to C1 and Ca. The circuit

("Alle
Fig. 241

also contains an instrument T’ which responds when an

electric current passes through it. Ordinarily due to high

resistance in the box B no current passes through the

circuit. But as sound waves are incident on the plate P it

begins to vibrate. Cui being rigidly attached to P also vibrates,

pressure on the carbon granules undergoes variation and a

current of varying strength passes through T. The variation

of the current obviously corresponds to the variation of

presstire on carbon granules produced by sound waves and

hence on the nature of the sound. If the instrument T be the

receiver of a telephone [Vide Art 168]. the same sound is

reproduced; a person attending the telephone may easily

hear the sound. If however the instrument be a loudspeaker

sound is reproduced with increased intensity so that a large

audience may hear the sound.

Art 168 The telephone was first invented by

Telephone Alexander Graham Bell in 1878. In Bell’s

original form the transmitter and the receiver were identical.

A thin steel membrane M_ is stretched before the poles of a

horse-shoe magnet E. A coil of wite is wound over this

magnet. One such instrument is used as the transmitter and

an exactly simiiar one as the receiver. ‘Two such instruments
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are therefore used—one at each station—and the coils wound

over the horse shoe magnets in the two instruments ‘are

connected in series. Suppose a message is to be sent from

the station Ato the station B. At A some one speaks in

front of the membrane M. Due to sound waves M vibrates.

Being in the presence of the horse shoe magnet the membrane

M is itself magnetised by induction. Due ‘to its vibration

Station A Fig. 242 Station B

induced currents are therefore generated in the coil. The two

coils being in series induced currents generated at the station

A pass through the coil wound over the horse shoe magnet

at the station B. At B as the currents pass through the coi] the

strength of the magnet undergoes fluctuations and necessarily

the force of attraction on the steel membrane varies. The

membrane accordingly vibrates and speech is reproduced,

Obviously in a similar way a message may be sent from the

station B to the station A.

In modern times with minor modifications the receiver is

practically the same as in Bell’s telephone. But the transmitter

is nowadays a microphone transmitter. In Fig 241 if the

instrument TI’ be the receiver of a telephone sound produced in

front of the microphone generates currents which when passed

through the coil of the receiver produce vibrations of the stee!

membrane and sound is reproduced. Thus at each station there

must be a microphone transmitter and also a receiver. The

complete connection is shown in Fig 243. Usually two

transformers H: and He are also used, one at each station. The



Art 168 ELECTRIC INSTRUMENTS 35lf

secondaries of the two transformers and the coils of receivers

are all in series. At the station A when sound is produced

before the microphone transmitter T1 currents are generated

and these pass through the primary of the transformer H:.

Currents are therefore produced in the secondary and as these

currents pass through the coil of the receiver Re at the second

station B sound is reproduced there. Similarly sound produced

before the transmitter T2 is reproduced in the receiver R1.

Exercise XVII

1. What is a dynamo and how is it used ?

Describe the essential parts of some simple type of direct

current dynamos.

2. Desoribe the means by which ooils rotating in &

magnetic field may be arranged to furnish (a) alternating

current (b) continuous current.

3. Under what condition isan E. M. F. induced in 6 coil

y

‘
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placed in a magnetic field? What determines the magnitude

and direction of the induced current ?

A 1000 turn circular coil of wire of radius 10 oms.is rotated

50 times a second about a vertical diameter. Find the HK. M. F.

generated. [ H=0°36 ]. Ans. 0°25 volt (virtual)

4. Jixplain the action of a generator. How can the current

produced by a generator be made direct ? |

5. Discuss in an elementary way the Perio principles
on which the working of an ordinary electric mbtor is based.

6. Describe the construction and explain the action of an
induction coil. Explain why the sparking between the ter-

minals of the secondary is usually unidirectional, although

BE. M. F's generated between these terminals at make and

break of the primary are in opposite directions.

7. Explain fally the purpose served by the bundle of iron

wires which form the core of an induction coil. Has the kind

of iron used any influence on the working of the coil ?

8. Explain in details the working of an induction aoil

‘with special reference to the parts played by the iron oore and

the condenser. Cun you call it a transformer ? Give reasons

for your answer. C. U. 1934

9, Explain the action of (a) a microphone (b) a telephone.

C. U. Questions.

1956. Describe in general terms how a D. C. generator acts.

Why are the ooils of the armature wound on an iron oylinder ?

Why is the oylinder made of thin varnished discs ? What is

meant by hysteresis and eddy ourrent losses ?

1959. Explain with the help of a diagram the construction

and action of a simple form of a D, ©. generator.

Account for the fact that the machine will ran as a motor if

supplied with a suitable DC. voltage.

1965. Explain the working principle and construction of 4

dynamo.

Describe the various types of windings of the dynamo.

1967. Write short notes on ‘D.C. motor.”



CHAPTER XVII

ALTERNATING CURRENT

We have seen that the E. M. F. produced

Art 169 by an A. C. dynamo is expressed by

E=E, cos wt or E=E, sin wt, Graphically,

the E. M, F. is represented as shown below.

E

A rr re +E.

TX [ ary ty. a
° a fe Y dime “£09
- wwe OMe we ee one ~ ~F no

E-Fysin ai
Fig. 244

The current produced by an alternating HE. M, F, is also

alternating, #.e. is a sine or cosine function of time ¢ ; it can

also be represented graphically as above.

. 2a

The period for a complete cycle is D and that for half

a cycle is o

Average value of E. M. F. durring a complete cycle is

obviously zero; for, during one half of a complete cycle

the E. M. F. is positive and during the

Average E.M. 6. other half it is negative. When however we

speak of average E. M. F. we mean the average over half a

complete cycle.

In the case of a sine function the time for half a cycle

extends from 0 to a. In the case of a cosine function it is
w

from =. to or, it is however more usual to take it from
2w ow '

~ = to + = [ See Fig. 244}.
2w 2w

E. M. 28



354 ELECTRICITY AND MAGNETISM Chap XVIIE

Thus, for a sine function,

I 4

w Fy ; w
EY sin wt dt wl oe *

0 0
Average E.M.F. = re 7

w I Ww

f dt |
0

K 2E
---0} -1-1} =

Tv im

For a cosine function,

+o +=
2w Kol _. ' 2w

E, cos wt dt yw| 7”
T 7

" ow ad
Average E.M.F.= x w

r 2w * Ow
at |e |

J » ©

Zw 2w

_9 { 1-—(~-1) 2E
wo Le

a 3

w

2E
° e a 0

Thus in either case average E. M. F.= =

More usually however we find the average in another

way. Wesquare the EK. M. F. (sothat for both halves of the

complete cycle the result is positive), next we find the

average value of this squared EK. M. F. and lastly we extract

the square root of this average- This is what we call Root

Mean Square H.M.F. or R.M.S. E.M.F. or virtual E.M.F.’
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For a sine function,

xm
f w

E,” sin*wt dt
Average squared E. M. i

T

f tw
J} dt

0

re

Bt (w
2 (1-cos 2wi)de z

-—? —- = Eolul’ , _sin’2wf]] wp
Tc 20 2w

w 0

How fh x Eo"
9 tw” 2

For a cosine function,

42
f 2w

Eo? cos? wt dt
r

Average squared E. M. F,= a ———_—_—
T

f t ow
at

ee
2w

t ft

Eo? (* 2 Eo, , sin 2ut]* aw
2 (lt+cos2wt)dt 2 2w

_ a at

_ 2w - 2w

7 a x
[ t | 210 2w
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Eo' § = ( z \
2 U2w \ Qw Fo?

7 2

w

Thus in either case

Q

Average squared EK. M. F.= Ho

Ko
/2

N. B. Here we have taken the average over half acycle.

But since in this case the EK. M. F. is first squared, the same

result would follow if we find the average over a complete

Virtual BE. M. F.:

cycle, 4.6. if the limits of integration be taken to be 0 and .

for both sine and cosine functions.

Thus we have Maximum EK. M. F.=E_

2k,

Average E. M. F.= x

Virtual E
0

E. M. F,=—-+.-
or R-: M.S. /2

Numerically, average EH. M.F. is slightly smaller than

virtual EH. M, F. For

2E
U °

Average E. M. F.= 314 0°637 E,

and Virtual BE. M. F.= Fy" .

EO* 1°414

=—— > on ()°707 E
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In an A. C. supply when we say that the supply E. M. F.

is 220 volts we always mean that itis virtual E.M.F. The
maximum HK. M. FB. is therefore=220 ./2=311 volts approx.

It is now clear why A.C. is more dangerous than D. C. For,

if we get a shock from 220 volts D.C. the shock is from 220

volts and not more; butif the shock is from 220 volts A. C.

the maximum shock is due to an E.M KF. of more than 300

volts and hence it is more severe.

Since in an A. C. supply the current is also a sine or

acosine function of time the above results hold good for an

alternating current also.

Thus, if the maximum current=¢,

20,

aveTrage current = 7

and virtual f,

or R.M.S. current = To

These results may be obtained exactly inthe same way as

before.

Art 170 We shall now find an expression for the

power absorbed in an A. C. circuit. We shall see later on

that generally speaking, there is always a phase difference

between the E. M. F. andthe current. Thus if the E. M. F.

be Ey sin wt, the current=1 sin (wtt6)*. Hence average

power

T

w * °
E sin wt. t. sin (wt+9). dt
0 0
Oe

TM T

J "at
0

seen ee me nw

Oe ey

* In some cases it may be #, sin (wt~@)
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a

nif”

00 sin wt (sin wt cos 6-+cos wt sin 0) dt

0

wv
ren,

w

T
eee

wH 4 w }
0 0 e 3 ° e= —— (sin? wit cos 9+sin wt cos wt sin ¥) dt

|* 0

a

wE ty w
= ——— ${(1 —cos 2 wt) cos 8+ sin 2wt sin 6} dt

0

TT a
WE Sf, sin 2wt | w cos 2wt | w

—_ 2 Ow cos 9-| on sin @
27 0

wk et
__00 ! ( - -0) cos 9-(-— - ) sin ot
gr (\w 2

we 2 rT Et E, t

00" cos 9= 9 cos Oe °
Ox * w 2 rJ/2 /2

= virtual HK. M. F. x virtual current x cos 9.

Ina D. C. supply power E. M. F.Xcurrent; but we

find that in an A.C. supply in order to find

Power factor the power absorbed the product virtual

E. M. F.xvirtual current has got to be

multiplied by the factor cos 8. This factor cos 9 is known

as power factor.

N. B. (1) Here we have taken both E. M. F. and current

to be sine functions of time. The same result however

follows if we use cosine functions, but in this case the limits

. w
of integration are to be taken as--=~- and+--—.

2w 2w
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(2) The power factor is the cosine function of the phase

difference ; so in any particular case if there be no phase

difference the power factor becomes equal to unity.

We may consider the problem from

another standpoint which is perhaps more

illuminating. As before let the current

be fo sin (wt+@) produced by an E. M. F. Eo sin wit.

The current ¢=% sin (wt+9)

Art 171

= (sin wt cos 9+ cos wt sin 6)

Thus the current consists of two portions %) cos@ sin wt

and 9 sin @ cos wi. Of these the first portion is in phase

with the E. M. F. (both containing the term sin wt) and the

second portion is at right angles to the E. M. F. ( the phase

T

difference being 9

Due to the second portion the power

via

we eer

w

J s sin 9 cos wtE sin wt dt
0 6 9
. wa vee — pneceenn Oe a meme keg mo set _

T

w

dt

0

Tt
. ‘. § wo

tet, sie { sin 2wt dt wE 3 i
0 00... E aut |

Ow
a 0

Thus the second portion contributes noth-

ing towards the power absorbed. This is what

is known as ‘‘Wattless Ourrent”. It may be

noted that the power corresponding to the first portion of the

Wattless
current
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current Viz. ‘, cos 9 sin wt is 4 E i, cos?—the same as

obtained for the total current. The first portion is therefore

the power component.

Art 172 We shall now determine the current produced

by an alternating E. M. F. under different conditions.

We first consider a_ circuit containing | 2 non-inductive
resistance R and a source of alternating H. M.\F. EY sin Wt.

\

Here the equation: is obviously

R E sin wt= Ri by Ohm's Law.

E

pa? sin wtRS

In this case the current is in phase with the E. M. F. The

phase difference is zero and the power factor is therefore one.

Art 173 Next we consider a circuit containing ar

Circuit inductance L, aresistance R and a source of

contianing L & R alternating E. M. F. E sin wt. If ¢ be the

current at any instant, the E.M.F. due to self-induction

de
is-L at. Thus total E. M. F. being E sin wi-L at

at

we have
R

ds 2
-L-, RkE, sin wt- IL, dt

ai -=E sin wt _
or La tRe= 9 Sin w Fig. 246

This equation may be remembered in the following way

E.M. F. Ohmic =
due to inductance + E.M. F, Total K. M. F.

and can be written down at once.



Art 173 ALTERNATING CURRENT 361

oa: _@y,
Writing v=, , we have

(LD+R) i-E sin wt

E, sin wt E, (R-LD) sin wt

“fT Dap 7 RULE

multiplying both numerator and denominator by R- LD.

E, (R sin wt —- Lw cos wt)

REET I?

E, (A sin wt cos $- A cos wi sin >)

: REDE

E A sin (wt - 4) where R= Acos ¢

= ae and Lw=A sin $
2,72, 2Ret L Ww Lw

“. tan o6=—
E R

= Wi Sat sin ((we — od) | and A* = L’w? + R?

° os Aa / DER

=i sin (wt —g).¥" ves vee (61)

. BE,
where > JS RELL we? eee eee (61a)

ene aaron

a, . ; . .
*D= ay is known as an operator. Insolving differential equations

this operator can be used as an algebraic quantity. The following

property of this operator is also utilised.

D (sin wt)=w cos wt Thus D2 may be replaced

D2 sin wt)==(—w4) sin wt by - w%

** This solution known as ‘Particular Integral’ is only a part of the

complete soiution. The other part known as ‘complementary function’

_Rs
istmCe I, whereC isa constant. Obviously with the increase of

. Rf
time ‘#? the terme L gradually and quickly becomes vanishingly

small. Hence this part is not finally effective and has not therefore

been considered.



362 ELECTRICITY AND MAGNETISM Chap XVIII

Thus there is a phase difference @ between the E. M. F.
and the current. Since ¢ is negative the current lags behind

the H. M. F. ¢. ¢. maximum and minimum values of the

current are reached a-short time after* the corresponding

values of the EK. M. F. (Vide Fig. 247). The phase difference

? is called the angle of lag.

In an A. C. circuit Ris the resistance, Lw is called the

reactance and ,/p*+],2,2 is known as the impedance of the

. Lw
circuit. Hence from the relation tan eae we have

Reactan ce
- “— one (616)

Resistance
tangent of the phase difference:

Reactance is usually represented by X and impedance by

Z. Also from (61a).

, aT 2a
* The E. M.F. Eo sln wtis zero at times ¢=0, ww whereas

, ¢ wt bh aidthe current jo=sin (wt- )is zero when t= w' wre’ ww

Thus the zero values of the current occur at times £. after the

corresponding values of the KE. M. F. Similar is the case with maximu

values, |
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$. 6. Virtual current = \ ital E. M. F.
Impedance

t.€ T= x
7 Z, eee (61c)

where I and E are virtual current and virtual E. M. F.
respectively. Equation (61c) corresponds to Ohm's Law in

continuous current circuits. Thus in A. C. circuits impedance

Z plays the same part as resistance R in D.C. circuits. It

may be noted that Z has for its limiting values R for very

low frequency and Lw for very high frequency.

In A.C. circuits whenever we speak of E.M. F’s and

currents we always mean virtual E. M.F’s and virtual

currents. Equation (61c) is therefore of great importance in
working out problems.

Choke coil The current in an A.C. circuit may

therefore be diminished by increasing the

impedance. Since impedance depends on resistance R as well

as on inductance L, the current can be decreased by increasing

R or by increasing L. The latter is however more economical:

for heat generated in a wire depends upon the resistance R,

If R be increased heat generated is also increased. This heat

energy cannot usually be utilised and is therefore a loss. On

the other hand if we insert in the circuit a coil of thick wire

of a fairly large number of turns, inductance is increased

but resistance is not appreciably altered and hence there is no

corresponding loss of energy. Such a a coil is known as a

‘choke coil’.

An alternating E. M. F. of 200 volts, 50 cycles ts appleed

to a coil of 20 ohms resistance and O'2 henry inductance. Find

the current and the angle of lag. What is the power factor of

this circutt & Find also the P.D. acrcss the inductance and the

P.D. across the resistance.

Here w = 9750 = 1007

Hence from (6Ic),

200 200 __ =3'033curr , ome om es, ee amp

cart / 20? + (U2 x 100z)* 20/1 +74
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If 9 be the angle of lag tan 9a er .. §=72°9)'

Power factor =cos §=0°3048

P.D. across the inductance=:.0L= 3'033 x 100m x 0°9
=1905 volts. P.D. across the resistance =¢R = 3033 x 20

= 60°66 volts. |

If we form a right angled triangle ABC
impedance . .
triangle with sides AB and BC - to Lw and R

respectively, the hypotenuse AC is equal to

a/R? + L?w?. \ Thus the resist.

ance R, the’ reactance Lw

and the impedances/ R? + L?y’

form the three sides of the

right angled triangle. Such

a triangle is known as

impedance _ triangle. Also

from Fig. 248, tan LACB=

a, Comparing this with

(61b), we have LACB=9, i.e. in the impedance triang:e

the angle between the resistance and the impedance is the

phase difference 9.

Further, from (61)

t=4 sin (wt - ?) “4 sin wi cos $ - ‘ cos wt sin ¢

ps)
0 ;

--, Sin wt
R

a/R? 4. L2u? / k2 +12 y?

EY Lw ,
ARB - L2y 2 "SR? + ‘L®w 2 * COS W

[ Substituting the values #), cos ¢ and sin ¢ |

BR E. Lw

R? + Liw? sin wt + L2p? cos wt

ER

Re 435 9 sin wtThus the current ¢ consists of two parts
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E Lw

and RP+ Ly? cos wt. The former isin phase with and the

tatter is at right angles to the E. M. F, E sin wt. The former

is the power component and the latter is wattless [ Vide Art

171 |.

Art 174 Currents and E. M. F’sinan A.C. circuit
Vector Diagram may conveniently be represented in what is

known as a Vector Diagram. In Fig 249 let OX and OY be

two axes and let the constant vector OA representing the

maximum EH. M. F. Ey rotate with a constant angular velocity

win the direction of the arrow. If tbe the time in which the

L AOX is described we have / AOX = wt.

The projection Oa of OA along OY= E sin wt. Oa there.

fore represents the E. M. F. at any instant. Let / AOB be

Lequal to the angle of lag ¢ [ate | and let AB be drawn

Perpendicular to OB.
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ER
_ oO

a/ L2w? + R?

Lwk

and AB=OA sin O° Tae o7Ri
w

Projections of OB and AB on Oy are 0b) and ab respect-

ively. They are given by

Then OB=OA cos $* =

ER
0

r/L2w? +R

=R¢ [From (61)|=Ohmic E. M. FO
Lwk

0

r/ Lin? + RS

=H. M. F. due to inductance.

Ob=OB sin (wit-¢) = 7 sin (wt ~ ¢)

and ab=AB cos (wi-¢)= $)

di +

dt

Again from the diagram we have

0Ob+ab=—Oa

ie Ohmic , E.M.F.due _ Total
oo BE. M. F. to inductance E, M. F.

=L

Further, if OC be equal to ts

Projection Oc of OC along Oy

=QOC sin (wt-¢) = é sin (wt -— >)

= £.4, current at any instant.
—-

* Since tan ¢= ae we have cos $= eer and sin ?

= Lw

Jiiut RE
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As the vector OA rotates with a constant angular velocity

w, the vectors OB and OC also rotate with the same angular

velocity and projections of OA, OB, AB and OC on Oy
represent the total KE. M. F., Ohmic E. M. F., E. M. F. due to

inductance and the current at any instant. Thus the diagram

gives us allinformation about the E. M. F. and the current at

every instant. Such a diagram is known as a Vector Diagram.

We next consider a circuit containing a

t175 -jarth non-inductive resistance R, a condenser of

containing C&R capacity C and a source of alternating E.M.F.
E, sin wt. As the condenser is charged it

develops a P. D. which is in R

opposition to the EH. M. F. of the

alternating source. Thus at any C

instant if Q be the charge on the

Q. ,
= is tcondenser, C is the corresponding Fig. 250

E. M. F. and the total E. M. F. in the circuit is Ey sin wt -2

Ifs be the instantaneous value of the current we hav

E sin wi- Q = Ri
) Cc

OT Rit 2 =k Sin wi
C 0

fe Ohmic =, EB. M. F. _ Total
EK. M. EF. due tocapacity § E.M.F.

Differentiating and remembering that 18 mi, we have

ae 14
Ritg Ew cos wi

Writing D=* ( RD+ 4) iH w cos wh

1— RD) cos wt
| or _Byweos mt Bw 4 multiplying both

RD + J. R?p*
G O°
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numerator and denominator by a ~RD

I

5 w( cos wit Rw sin ut)
= 0 —- _—

}
Gat R*w w?

]

B wl 0 cos wt+R sin wt |
ee a

oe + R?w?

E, (A sin 9. cos wt+ A cos 9, sin p we) |
oS ne eee 1 _ ve pe _. .

2? gt R

I .
where ~—,=A sin 6 and ReA cos 6

uO

I
. tan —

E, (sin wt cos? + cos wt sin®) CR
a . 1

= a 2,6 42

w?C? en

A= l- pic? t R?

Ey sin (wt + @)

lVas + R?
= sin (wi + 9)* o6e eee (62)

E, -

where ‘= =a a

wica * Be
The phase difference 9 is in this case positive. The

eo ee cee
mean Tyee meee 6 mere Met Al ye

* Asin Art 178 this solution isthe Particular Integral. The com-

t

plementary function is t=Ae CR. As this vanishes very quickly

with increase of time this has not been considered.
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eurrent therefore leads the &. M. F. $. « maximum and

_ Lf.
dime

Fig. 251

minimum values of the current occur a little before the corres-

ponding values of the E.M. F. [ Vide Fig. 251] The phase

difference 6 is called the angle of lead. In (62a) Ris the

. ]
resistance » cthereactance and

] . :\ w2C2 +R’ is the impedance.

The current in an A.C. circuit

may therefore be reduced by

inserting a suitable capacity.

Fig. 252 The impedance triangle is as

before a right angled triangle with sides equal to resistance,

reactance and impedance. The angle between resistance and

impedance is again equal to @ the phase difference.

Cc

Lastly, if R=0 the impedance is reduced to es and @

Noato... Hence from (62) and (62a)

$= Ewe sin (wt + 2/2)

= Ewe cos wt

This current—the charging current of the capacity is at

right angles to the E.M.F. E sin wi and is therefore wattless.

K. M. 24
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Again from (62a),

i.e. Virtual current= Vittual BAM. (620)
Impedance

A 20 volt 5 watt lamp is run from a ste of alternating
EH. M. F. of 200 volts and 50 cycles. Find \the capacity of the

\

condenser used in series. \

The current + (through the lamp)= x = (1°25 amp

20. =80 ohms. And w= 27,50 = 1067.
0 25

Hence if C be the capacity of the condenser, we have

from (62c).

° = OTT SE ° 2 ~~ * ~
0125 / 2 ve BO" 2 10U%

80° + Gai ome

Solving, C=4'0x 107° Farad=4 pu fd.

We now consider a circuit containing a resistance R, at

inductance L, a capacitance C and a source of

Art 176 alternating K. M. F. E sin wt.
Circuit . 0

cone L,¢ If at any instant Q be the charge on the

condenser and ¢ be the strength of the

current we have

.. R (of the lamp)=

= 800?

dt .
L.+Ri+

: dt C

E.M. F. due Ohmic | E.M.F. due _

to inductance * K.M.F. ~ to capacity = 18! E.M. F.

; gs ait di
Differentiating L itt? R

ay{ sin wt
0

att G Ew cos wt

Writing D= a LD?+RD+ i i=B weos #!
at Cc 0

E WCcos Wt E, WwW cos Wt

LD*+RD+¢. -~Lw?+RD+
2 (ee ats ose CRT Ie Se ein eel Reem teas ey ally he ates “

I
Cc

we 4
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\

E, w {(§-2* )- RD b cos ws

(o-TM")

371

_ R?D?

numerator and denominator b 4 —~Lw* }—y C Lw RD

EY 0} ( oT he) COS Wi+ Rw Sin Wt t
cee
ee ee

1 2(( ~ 1w*) - R2w?2

1Ew | ( a -Lw ) COS Wi+R sin wtf
l rn

( 1’) + R?w*

3 at A cos Wt sin @+A sin ws cos @ f
] a0 3

(corm) +
13 { sin wt cos 6+cos wt i

0 sin ¢

ee — =

. 1
Where A sin 6= > — Ly

we

_. ” | ; ; ; 9 ;

NX (or a Lw “- Rk?
: and A cos P=R

E sin (wt -+ ¢) : 1
oe QO | _— Lw

— L N 6 we

(, 7 lw) + R? 9) vetan p= (636)
we |

oo, 5 I 3=t sin (wt+¢),* where and — QT wo)
wv

~

en _,\‘ = A 7 Tg eee (63a) _A= \ R? +c 11)
(. 7 ) +R?

Ww
on om 

- neeee te ee a ee

* As in Arts 175 and 177 this solution is the Particular integral. The
Complementary function is ¢=C1 eF4-Ce e?? where vo and C2 are two

Constants and a & 8 are the roots of Lx?+Ryr + t =0. a and B are

€ssentially negative. Hence the complementary functicn dies off quick-
ly with increase of time ‘¢’ and has not therefore been considered.
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We know that oC is the reactance due to capacity

and Lw that due to inductance; when both are _ present

the effective reactance is Ja~ lw and the impedance is

J (ge-b) +R*, Due to inductance the current lags

behind the E. M. F. and due to capacity tt current leads
the E. M. F.; when thecircuit contains both inductance and

capacity, the current lags or leads according ad the reactance

due to the former is greater or less than that due to the
I

latter. This is evident from equation (630). If wo? Lw, ¢ is

positive and the current leads the EK. M.F.; on the other

hand if os < Lw, ¢ is negative and the current lags

behind the H. M. F.

E
I QO... . . .

If wo Le, ¢@=( and from (63) ¢ R sin wt ¢ e. in this

case the effect of capacity is exactly counterbalanced by that

due to inductance and the circuit behaves as a non-inductive

circuit.

This is also known as the case of resonance—resonance

for sertes circust. For, from equation (63a). it is obvious that

, is maximum, when

$.¢. when w= , we _1i-
7 cL / 10

If f be the frequency of the alternating E. M. F.

Equation (59a) in Art 160 tells us that when R is negligibly
1

ll ——>7== is calledt ;small 5” Ji he natural frequency of the circuit
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We thus learn that when the frequency of the imposed
EH. M. F. is equal to the natural frequency of the circuit the
current produced is maximum. (Compare this with resonance
in sound.)

Art 177 Let us now consider that in one branch of
Parallel a parallel circuit there is an inductance L and

Resonance
inthe other a capacitance C. Let us also

suppose that the resistance in either of the two branches is

negligibly small. The

current ¢ from the alter- S

nating source S is divided (>)
into two currents, 2 SY
along the inductance I, L L
aad t2 along the capa- | —> 1
citance C. Obviously

iis tie. \ | 8
Let us suppose that

‘an E.M.F. EE, sin wt

is applied to the Fig. 253

terminals A and B of the parallel circuit, #. ¢e. the E. M. F.

EK= Ho sin wt is applied to the terminals of the inductance as

well as to those of the capacitance. Then for the inductance

branch

ary ; Ko
~ ne + = ~ cos wetL de Eo sin wt or #1 Lw

—? by

And for the capacitance branch a Ep sin we.

Differentiating, 7 Eo cos wt or iz=K, wC cos wt.

1Hence e==¢) + $2 = B( w0 - a) cos wh.

I ] ,
If Cw = —~ 6.0 if w= —-,-2== the current ¢ from the alter

Lw /LC

nating source is zero. ‘The corresponding frequency is given

1 .
by f= ae — »* Thus for this frequency of the alterna-

ar at,n/ LC
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ting E.M.F the circuit acts as a perfect choke, é.e. no current

is allowed to pass through. It will be seen that when there is

no resistance this frequency is also the natural frequency of

the circuit. [Vide (59a) Art 160] Inthe previous article we

have seen that in a series circuit, for this frequency the

current is maximum. And now we find that in a parallel

circuit, for the same frequency the current is zero. The

series circuit 1s called a resonant circuit and the| parallel
circuit is known as an anti-resonant circuit.

It should be noted however that the resistance in either of

the two branches, although small, is never zero. If we suppose
that there is a small resistance R in the inductive \branch

E

the current in this branch is 11 = TR 9 iy 5 sin (wt — 6) where

Lw ,
tan 0=- RO The wattless component of this current is

E EK Lw
1) 6. 0

~ TR Tie = Sin ¥. cos wi= ~ Rey Llp? cos wh

substituting the value of sin 8. Inthe eapacitance branch if

there is no resistance the current is Ey wC cos wt and this is

obviously wattless. Thus the total wattless current in the

main circuit is E wC cos wi- ie e cos wt

. 5 H Lu L
This is zero when EowC ee or GT R+ Ly!

ee:
fe.* O73 TM on > RE eos eee (64)

LC L? ;

Thus for this frequency of the alternating E. M. F. the

wattless component in the main current is zero. The power

component of the current in‘the impedance branch is however



Art 178 ALTERNATING CURRENT 375

E. ER
Shes Lon cos @ sin wi=

substituting the value of cos 8. This component passes

through the parallel circuit as the power component of the

main current. This is however quite small if R is extremely
smal]. Thus when the frequency of the alternating E. M. F.

is given by (64) a small current passes through the parallel

circuit. #.e there is a small leakage of current through the

circuit. It should be noted however that in this case the

frequency as given by (64) is not exactly the same as the

natural frequency of the circuit.

Rea L228 sin wt,

Similarly if there is a small resistance also in the capaci-

tance branch there is a power component of the current in

this branch also and the main current is also increased by this

amount, #. e. the leakage current increases.

Problem. A cotl of negligible resistance and inductance 0°02

henry ts in sertes with a were cf zero inductance and reststance 12

ohms. An E. M. F. of 180 volts 40 cycles 1s appleed. Calculate

(1) the current (2) the potential dtfference across the resistance

(8) the potential difference across the inductance and (4) the angle

of lag.

w= 20 /=2T x 40=251'2

Inductive reactance= Lw =0°02 x 251°2=5 ohms.

Tmpedance= ./R2+L?w?= ./1224+5? = 13 ohms.

Current = a =10 amps.

P. D. across resistance = Resistance X current =120 volts.

P. D. across inductance = Reactance x current=50 volts.

Lw 5
wm -i ~ = -j_ = o 7’

Angle of lag=tan R tan“ *y9 22° 3

Art 178 We may now discuss how current produced

Distribution by a generator is distributed over a large area

of current where electric energy is actually consumed.

The wires by which the current is led from the generator to

the consumers are known as Leads. Lamps, fans and other
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instruments placed in parallel between the leads are run by

the potential difference between the leads. Now although the

resistance of the leads is kept quite small] by using fairly thick

Wires, it cannot be entirely eliminated ; consequently there

mtst be some drop of potential along the leads. It is therefore

obvious that if the current is to be supplied over a large area,

the potential difference between the leads at the remoter parts

Leads |

Fig. 254

must necessarily be considerably reduced. Let us now suppose

that the voltage at which the current is transmitted is fairly

high ; then, for the same consumption of power the current

through the leads must necessarily be less and hence potential!

drop along the leads is also considerably less. Thus when

the voltage is high the potential drop along the leads is not

very serious. There are also other weighty reasons why

it is necessary to have a high voltage when electric energy is

to be transmitted to a fairly large distance.

With A. C. supply voltage may be stepped up or stepped

down at any stage by means of suitable transformers. Thus

when alternating current is generated at the generating station

voltage is increased to a high value by a step-up transformer.

At this high voltage electric energy is transmitted to a number

of sub-stations suitably scattered over the large area. At each

such station voltage is lowered to any desired value by means

of a step-down transformer and current is supplied to the

consumers at this low voltage. As each of the substations

serves a comparatively smaller area loss of voltage along the

leads does not become serious.
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Three phase The coils in the armature of an A. C.

system generator are connected in such a way that

there are ustially three different circuits. These circuits are so

wound that the EK. M. F. generated in any one of them has a

phase difference of 120° with that in any other. Such a generator

is known as a three phase* A.C. generator. The KH. M. F’s—

known as phase H. M. F’s—may be represented by EiTM

E. sin Wt, Ke= E sin (w;+120°), Es= E sin (wt+240°). These

+ an

OOO

Fig, 255

E. M. F’s may be applied separately to the external circuits.

But in that case two leads for each E.M.F. i. e. six leads in all

are necessary. To reduce the number of leads the circuits

are connected as a Star or as a Mesh, In the former case,

[ Fig. 255 (a) ] one terminal of each circuit is connected to a

point—called the neutral point and the other terminals are
Se teem

* Sometimes there are more than three circuits in the armature.

The generator in that case is called Polyphase.
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connected to the leads, In the latter case the circuits are

respectively connected to the points A&B, B& Cand C&A

of a mesh ABC [ Fig. 255 (b)]. The points A, B, C are

connected to the leads. Any two of these three leads supply

current to the consumers. This arrangement is known as three

phase three wire system.

Distribution of leads is so made that power consumed

between any two leads is approximately the same, a. ée. the

load is balanced. In cases where load is unbalanced,

especially when power at a comparatively high voltage is to

be supplied to a few consumers the three phase four wire

system is used. In this case a fourth line—called Neutral

a i O Neutra! line
eT

Fig. 256

line—is connected to the neutral point [ Vide Fig. 256]. The

potential difference between any one lead andthe neutral line—

this is in reality a phase E.M.F.—supplies current to ordinary

consumers. Where a com paratively high voltage is required

the potential difference between any two leads is used. If

the phase H. M. F. is 220 volts it can easily be proved that

the potential difference between any two leads is equal to

2200/ 3, 2 -e. to about 380 volts.

We are now in a position to understand

Art 179 the action of an Earth Inductor. We know
een that the Earth is a huge magnet producing

magnetic field everywhere in space in its

neighbourhood. The Earth’s tield at any place may however

be resolved into two components, the horizontal component
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H and the vertical component V. Thus at any place we may

‘suppose that there are two sets of lines of force—horizontai

lines due to H running north and south and vertical lines due

to V. If acoil be rotated in this magnetic field due to the

Earth, number of lines of force cutting the coil varies and an

induced E. M. F. is generated in the coil.

First, let us suppose that the coil rotates about a vertical

axis V V. The E. M. F. generated is then due to the variation

of horizontal lines cutting the coil, vertical lines linked with

the coil remaining constant in number.

In any position let the plane of the coil make an angle

@ with the horizontal component H. Flux linked with the

coil is then given by

N=n AH sin @.

(where n=no. of turns

and A=area of the coil.)

If the coil rotates through

asmall angle d@ in a short

time dt, an instantaneous but

short-lived current 7 is genera-

ted. A current flowing for a

short time means that a small

quantity of charge dQ flows

through the coil. Since

= 4, we have

dt Fig. 257

dQmidi== dt, where E is the BE. M. F.

generated and R is the resistance of the coil.

= aNBut Edi at dt=dN=nAH cos @ dé

a dQ at cos 8 dé

Let the coil be first placed perpendicular to horizontal

lines of force. From this position let the coil be rotated
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very quickly through 180°. The total charge that flows

through the coil by this process is given by

+ 7/9 +7/2

nA nAH _ 2nAHQ f R cos 6 dé R E 6] R
- 72/2 — 2/2

If there be a ballistic galvanometer in series with the

coil the galvanometer shows a deflection $1. Since the

charge flowing through a ballistic galvanometer is \propor-

tional to the deflection

2nAH = kd eee \ (a)

Next let us suppose that the coil rotates with its axis

horizontal and directed north and south. The horlzontal lines

linked with the coil now remain constant in number and the

K. M. F. generated is due to the variation of the vertical lines

of force.

The coil is first placed with its plane in the horizontal

position (¢.e. perpendicular to the vertical lines of force).

From this position it is rotated very quickly through 180°.

Proceeding in the same way as before, we have

nibs wn (B)

where ¢2 is the deflection now produced in the ballistic

galvanometer.

V _Dividing (8) by (a). BH? $s, - But we have seen in Art II

V
that HB =tan 5, where 6 is the dip at the place.

Hence tan 6= oe
Pi

Thus the dip & at any place may be measured. The coil

rotating in Earth’s field is known as Earth Inductor.

If the various constants involved in equations (a) and (f)

be known actual values of H and V and hence the resultant

intensity may also be obtained by Earth Inductor.
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Exercise XVIII

1. Explain the apparent increase in resistance of a wire

with the frequenoy for a rapidly alternating current.

9. Write short notes on (a) choke coil (b) wattlesa current

{c) impedance triangle (d) power factor.

3. An alternating E.M.F. of 40 volts at 300 cycles per sec.

is applied to a solenoid of 500 turns, radius 5 oma, length 25

ems and of 20 ohms resistance. Find the current and also the

power consumed. Ans. 1°53 amp ; 4°47 watts.

4. An alternating pressure of 100 volts (virtual) is applied

to a oircuit of resistance 0°5 ohm and self-inductance 0'01

henry, the frequency being 50 cycles per sec. What will be the

reading of an ammeter included in the circuit ? Ans. 31°44 amp.

5. An alternating E.M.F. of 250 volts, 100 cycles is applied

to 8 non-inductive resistance of 25 obms. Find the inductance of

the choke coil which when inserted in the cirouit reduces the

current to half its value. Ans, 0'069 Henry

6. A circuit contains a non-inductive resistance of 20 ohms

and a choke coil. When an alternating E.M.I’. of 25 oycles is

applied to the circuit it is found that the power factor is 4.

Find the inductance of the choke. Ans. 0°22 Henry

7. A solenoidof diameter 10 cms and length 20 oms consists

of two layers of wire of 1000 turns each. The wire has 4

resistance of O'l ohm per metre. Calculate its inductance. If

an E.M.F. of frequency 50 cycles per sec. be applied to it find

(a) reactance (b) impedance (c) power factor of the circuit How

will these quantities be affected if on iron core (= 1000) is

inserted within the solenoid ? '

Ans. 0°'197H ; 62°01 ohms ; 88°98 ohms: O71 ;

197H ; 62030 ohms ; 62030 ohms ; zero.

8 A 40 walt 100 volt electric bulb is to run by A.O. supply

of 200 volts and frequency 50 o/s. Caloulate the capacity of 
the

condenser which must be used in series with the bulb.
Ans. 1735 #F.
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9. A 5 watt 50 volt electric bulb is to be run by the town

supply of 220 volts, 50 cycles. Explain bow this oan be done

with the help of a condenser. Find the capacitance of the ocon-

denser and the reactance of thecirouit. Ans.1°49 uid; 2142 ohms.

10. A 50 watt 200 volt bulb is in series with a condenser

of 2uF capacity. If the bulb be lighted up by an alternating

supply of 50 cyoles frequency, find the supply voltage. |

Ans. 445°2 volts.

11. An alternating supply of 200 volts and 60 oyolts is used
to light up a 20 volt bulb. If the condenser used in sbries be

of capacity 4F find the resistance of the bulb and hence the

power absorbed by the bulb, Ans. 79°97 ohms : 5 watts

12, A 100 oycle alternating I. M. F. is applied to a circuit

containing a resistance 15 ohms, an inductance 0'025 henry and

a capacity 250 microfarads. Find the impedance of the circuit.

Does the current lag or lead and by what angle ?

Ans. 17°67 obms ; Angle of lag 31°66"

13. What is meant by the resonance of an electric circuit ?

A circuit has a resistance of 50 ohms, an inductance of 0°25

henry and a oapacity of 100 micro-farads. For what frequency

of the applied alternating HK. M. F. the circuit behaves as a

100
non-inductive resistance ? Ans. ~° 1 cycles,

14. An alternating supply of 200 volts and 6&0 oyoles is

used to send 4 current through a circuit containing a capacity

of 5 mfd and a non-inductive resistance of 50 ohms. lf a choke

coil be now inserted in the circuit if is found that the current

isincreased. Explain this and find the inductance of the choke

coil when the current in the circuit is maximum.

Ans. 6°37 henry

15, In an electric oircuit the inductance is 10 mH,

resistance is 100 ohms. If the angular velocity of the rotating

vector be 1000 radians per seo caloulate the capacity of the

condenser which when inserted in the circuit makes the circuit

non-inductive, Ans, 100 pl
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16. A ocireuit consists of an inductance, a resistance of 100
obms and 4 condenser of capacity 10 HE. Ifan A. C. supply of

220 volts 50 o/s be connected to the circuit the current is found
to be in phase with the E.M.F. Find (1) the inductance (2)

the current (3) the voltage across the inductance (4) the voltage
across the resistance and (5) the voltage across the condenser.

What will be the phase angle if the capacity be doubled ?

Ans. 1°013 H; 2°2 amp; 700°1 volt: 290 volts ; — 700°1

volt; angle of lag 57° 52’.

C U, Question

1957. Distinguish between the peak, the mean and the root

mean square values of an alternating current. Oasloulate their

relationships in the case of a sinusoidal current.

The equation of an aliernating current is I=60 sin 4007.

What is the frequency and peak value of the current ? What is

the R.M.S. value ? Ans. 27; 60; 35°35.

1959. What is meant by “‘electrical impedance” ?

Deduoe an expression for the impedance of a coil of self-

inductance L and resistance R when a sinusoidal E.M.F. of

frequency / acts on it.

1961. Find an expression for the current af any instant in

a circuit of given resistance and self-inductance when subjected

to a simple harmonic H.M.F.

1965. A circuit containing a resistance and an inductance

in series is connected to a source of sinusoidal alternating

KE. M. F. Find the instantaneous value of the current in the

circuit.

Explain the terms virtual current and virtual E. M. F. in

an A, OC. circuit.

1963. [T. ¥. D]. An alternating HE. M. F. E=Eo sin wt

is applied to the ends of a circuit consisting of a resistance R

and a coil of self-inductance L in series. Deduce an expression

for the current in the circuié.

A resistance of 10 ohms is in series with an inductance of

O'l henry. Ifa P. D. of 100 V (R. M. 8.) a6 50 cyoles is applied,

caloulate the effective ourrent. Ans. 3'03 amps.
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1964. (T. Y. D.) An alternating EB. M. F. E=Eo sin wt

is applied to the ends of a series circuit consisting of resistance

R, an inductance L and a capacitance C. Find the current

through the circuit at any instant. Hxplain what is meant by

the impedance of the circuit and establish the condition for

which resonance occurs.

196%, A sinusoidal E. M. F. having an instantaneous value

E=Eo sin W/ is impressed across the ends of a series combina-

tion of a rasistance RK and an inductance L. Derive an
expression for the instantaneous value of the current.

A series circuit consisting of 0°01 henry inductance and 10

obms resistance is connected across an alternating H. MF. of

100 V (R. M.8.) at 50 o/s. Find (é) R. M. 8. current through

the circuit and (##) the voltage across the inductance.

Ans. 9°54 amps; 29°96 volts.

1966. (Special). Write notes on “Earth Inductor.”

1967. Obtain a relation between the current and the

voltage in an alternating ourrent circuit containing an induo-

bance and a resistance in series. :

Caloulate the induotance of a choke coil to be introduced in

an A. O. cirouit to light a 10 watt 20 volé bulb on 200 volts 50

©. p. 8. mains. Ans. 1067 H.



CHAPTER XIX

UNITS AND DIMENSIONS

In Physics whenever we take a reading we really

measure one Or more of the three things—length, mass and

| time. Dimensions of physical quantities can

Art 180 therefore be reduced to these three funda-

mentals,— Length, Mass and Time. Thus

since a velocity represents a distance divided by time its

. . -1 . . _
dimension is LT =; an acceleration is velocity divided by

time and is therefore of dimension LT 4 -and so on. We
give below dimensions of a number of physical quantities

obtained in this simple way.

N.8. It should be clearly understood that whenever we speak of

the dimensiou we do not say anything about the actual value.

Arc L

Angle= Radius L =I

]Angular velocity = nae - mm TO!

An ular velocit
Angular acceleration = — e my a= TO?

Time

Area= Length x Length = L’

Volume = Length x Length x Length = L®

_, Mass _ ML7?
Densit “5 lu me

Distance _Se ey = TT 1

Velocity Time

Veloci .Acceleration =o" ity =1,T73
ime

Force = Mass X acceleration = MLTTM?

mG. M, 25
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Energy = Work done = force X distance = ML?2TTM?

Energy

Time

Pressure = Force per unit area

Power = =MI?T3

Force
es --——-.__- ——. .

Area
=ML 'TTM?

Surface tension = Force per unit length

Force
a = MT~2

~ Length |
\

In any equatiou dimensions of quantities

Art [81 involved on both sides of the equation, must

be the same: Hence the dimension of any

unknown quantity may sometimes be determined.

Thus, Young's Modulus is given by

79
~ ary?

Writing [ Y ] for the dimension of Y, we have

MLT~?L -im-| ¥ |- L2L =ML ty 3

Similarly, for Bulk Modulus.

p= —2P_, eae
dy dy

v

4. 6. SO far as dimension is concerned,

l xP

Bulk Modulus =~ ° ume * Fressure
Volume

2 | fewnor

dp=change in pressure ; its dimension is the same as that of pressure.

du=change in volume ; its dimension is the same as that of volume.

Leg: T .
For Rigidity, ”TM 9 where T is the tangential force pe!
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unit area and @is the angle of shear; the dimension of T is

therefore the same as that of pressure and the dimension of @

is unity. Hence

n | ML T?

It isto be uoticed that all the three quantities, Young’s modulus,

Bulk modulus and Rigidity have got the same dimension, as it must

necessarily be; for, each of them is the ratio of stress to strain and is

therefore fundamentally the same,

For Viscosity
av

Fen -
"dra

Here Fis force per unit area; its dimension is therefore

ML7’T~?; dv is small velocity and dr is small length.

—1

Hence MET] 7 jus -| 7 fe
L

“ [oa j)=MLtT

We shall now determine the dimensions of

Art 182 various electric and magnetic quantities. Here

we can start with either of the two fundamental

equations, viz.,

(1) Force between two electric charges

pe [ Vide Art 23 ]

or (2) Force between two magnetic poles

pe [ Vide Art 2 |

‘he former is known asthe electrostatic system (E, S.

system) and the latter as electromagnetic system (KE. M.

system).

Electrostatic System

. eg ay O08

‘Charee The fundamental equation is P=" ep? *

Unfortunately, in this equation the dimension
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of &k is not known tous and cannot be determined. We

therefore write the dimensional equation as

mut-2=( gg fg}t=aM Ler
kL?

iQi= =m? “T"?

Electric intensity Intensity ie

$33
or [F]= MT b ?u?r, Ba

\
A current is the rate of flow of charge.

Current
- Céle snare 4? MeL? 2

E.M. F. Time
or Work done in carrving a charge Q between

Potential . ;
difference two points at a potential difference V is QV.

+. 6. Work done=QV

or ML*T?=[(Q].[V]

23—2 _

vie MEE aa thie
k°M*L,*T

Capacity We know Q=CV

4 4: 3 -j
or to]= bo Fw —y = kL

k “M°L°TTM

Thus, ignoring k the dimension of a capacity is length ;

a capacity is therefore sometimes measured in centimeters.

Resistance From Ohm’s Law, resistance =~" TM F.
current

~4 tte
M°L*T 1

[ R j= tM 30 we TT IT oe “mel
inte ps kLT

Ignoring k, the dimension of a resistance is the inverse of

that of a velocity.
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Magnetic

Intensity From Laplace’s Law, H= ——;—

Thts ts the connecting link between eleciric and magnetic

guantittes.

ds is a length, its dimemsion is therefore L, cos @ has got no

dimension.

Hence = (HJ =tt ib Ly by bbe
L*

Force ona pole m placed in a magnetic
Magnetic pole

field of strength H is mH.

2. Gs Force = mH

MLYT*=[m]|.{ H ]

- ML -? = 4
tmj= ent

k“M oy Bape

Magnetic Magnetic moment M

moment = pole strength x distance between poles

-—% 4 3or [MJ=[m]xLek mM?

Inductance We know EK. M. F.= -u

. . ; Current
Dimensionally speaking, E.M.F.= Inductance x i

F. x Ti , ;[Ll] E. M. Me = Resistance x Time
Current

1
= Poip —1 72

mie= ~ kL T-?
Ignoring k, the dimension of inductance is the inverse of

that of an acceleration.

Art I84 Electromagnetic system.

Pole Force between two poles F=-—,-

As in the case of electrostatic system here also the

dimension of » is unknown and unknowable.
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_ 2 =

MULT 2 lm] or om]? = pMLT 2
PL

3 ed

(ml=p?m ty?!
Magnetic Magnetic moment M#=pole strength x

moment distance between poles.

[M] =[m] x Ley MiLer !
Magnetic . TMIntensity Intensity H= ua’

+ 3,347)
~ _ a

or (Hat MOLT 8, tytytp ot
BL

. ‘ 6

Current From Laplace's Law, = a -

: - -1

Charge
Charge We know current: :——-~—

Time

or [sje 0 “. [Ol=[s]xT=p- - yi?

Electric Force ona charge QO placed in an electric

intensity field of strength F is OF.

¢. é. Force=QF or MLT 2 [QO]. [F}.

MULT”? 4.4.4 -9
ee {F] = “-$ 4.4 =" M L” T

we oML

EME. or Work done in carrying a charge QO between

Potential two points at a difference of potential V is QV.
difference ;

1. e. work done=QV

2-2
ML T ~=(Q]. [V]

2,.72

VJs yoyp yp mB ML? T[Vv] —y 4374
BR "“M'L
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Capacity We know Q=CV

or [Q} = [C}. [v]

-4 4.4
Me (Cle Prt ee pL

M’L?T LLT ~2

Ignoring Ht, the dimension of a capacity is the inverse of
that of an acceleration.

Resistance From Ohm’s Law, resistance ait M.-F.
Current

ta $3- pe M?L? TO -1

eh M*L? Tt

Ignoring », the dimension of a resistance is the same as

that of a velocity. Resistance is therefore sometimes measured

in centimeters per second.

Inductance We know EZ -

} 1 ‘ “ a ° CuDimensionally speaking, E. M. F.=inductance x 7°"
Time

. 1. M. F, x Tin @ . : .
“. [L]=—— “ =yesistance x Time = pI,

Current

Ignoring uw, the dimension of an inductance is length;

inductance is therefore sometimes measured in centimeters,

Art 185 One important point emerges out from the

previous discussion. ‘The dimension of a physical quantity

is a fundamental) property of the quantity itself ; obviously it

cannot be different in different systems. ‘That the dimensions

are apparently different in Electrostatic and Electromagnetic

systems, is due to the fact that the dimensions of kand pw

are unknown to us. If we could express the dimensions

of k and # in terms of M, Land T the dimensions of the

various quantities would have been the same in both the

systems.

Obviously, we can equate the dimension of any of the
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physical quantities in E. S. system with that in HK. M. system

and thereby we can get an equation connecting wandk. If

we do this for each of the physical quantities we can get as

many equations involving “and k. It may be supposed that

from any two of these equations, we may solve for the

dimensions of “ and & separately. Unfortunately this is not

possible. For, whatever quantity we choose, the equation

connecting s¢ and & always comes out to be the same. For
example, equating the dimensions of capacity in h. S. and
H. M. systems, we have

kL=7?L7T?

. l
or k=l PRT? |) --.=LT7

J tk

. . 1s, .
The dimension of S 1 is therefore that of a velocity.

U

Instead of a capacity if we conside any other quantity, the

result is always the same ; we can never get a second equation

connecting #¢ and k. The individual dimensions of p and k

therefore remain unknown to us.

So long we have not discussed anything

about the units of various physical quantities.

The length of arod 12 ft long, is represented by 12 if the

unit of length is a foot, by 4 if the unit be an yard and by

144 if an inch be the unit. Clearly in expressing electric and

magnetic quantities, proper attention must similarly be paid

to the exact definitions of the units of the quantities involved.

Here again two systems of definitions are possible. In Art

23, we have defined a unit charge thus :

Art 186

If two charges of equal strength are placed in air at a

distance of one cm apart and if the force between them is one

dyne, then each of the two charges is said to be a unit charge.

Ciearly, this definition is based on the fundamental elec-

trostatic equation pao Starting with this definition
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of a unit charge, units all other electric and magnetic

quantities can be gradually defined. These units are known

as Electrostatic units. Ina similar way, based on the funda-

. mime we
mental magnetic equation F= my?” definition of a unit pole

may be derived (Art 2). This may also be the starting point

of the definitions of units of every other electric and magnetic

quantity. These units are called Electromagnetic units.

Thus any electric or magnetic quantity can be represented by

two different numbers according as the unit* chosen is

Electrostatic or Electromagnetic

If Ceand Cyn be the measures of the capacity of a given

condenser in Electrostatic and Electromagnetic system, the

complete expressions for the capacity in the two systems, are

Ce («) and Cn, (wi?), Since they represent the same

condenser, we must have

Ce (1) = Cin (rr)

Ce an-2\ ,-1,-1_ 1or (at )=e eT ak
ICe - Jor Noe @2) '\- J ith

Thus Y is of dimension LT? and its value is
[en

bog 
. 1

Ve. If we write wv for Ve we have Sn =y cms.
[tkan Ht

per sec.

Art 187 The value of this velocity » can be found out

by determining Ce and C,»,. To determine Cea guard ring air

ee ee oe II tg

see Aer Me a ie She RL Rieter meee YRREasiese eee

* It should be clearly understood that both Electrostatic and Elec-

tromagnetic units are C.G.S. units, so that one is called C.G. S.

electrostatic unit and the other C. G. S. Electromagnetic unit.
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condenser is used. This is formed by fixing layers of tinfoils

upon two sheets of glass, one

of the layers being circular

and surrounded by a circular

guard ring, the other covering

the whole sheet. The two are

placed with the metallic sur-

faces face to face and are kept

separated from each other by

four ebonite props of exactly

the same thickness. This

thickness gives the distance

‘a’ between the two plates of

the condenser. Thus Ce: 2 where A is the area of the

circular layer of tinfoil, the larger layer of tinfoil on the other

glass sheet, being earthed.

To determine C,,, Maxwell's method may be used. The
principle of the method is as follows. Consider the connec-

tion as shown in Fig. 259. D is a rocker oscillating about

the fulerom F. When it makes contact with A the condenser

Cis charged and a quantity of charge CE passes through the

ps galvanometer G. When the

ec Cc rocker touches B the con-

deuser is discharged. If

A B
G —Y &

D

the rocker oscillates n times

per sec between A and B,

the total charge passing

ES through the galvanometer

An J in one sec is nEC. This
TENG

is equivalent to a current

Fig. 259 t=nEC. If n be very large
—large in comparison with the frequency of vibration of the

moving part of the galvanometer—a steady deflection is

obtained. If the condenser with the rocking arrangement be

replaced by a resistance:R so that the same deflection is
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. .
obtained we have 1= ——

R

_ HK , 1Thus nKC= R oF Cc “uk eee ee. (64)

Thus, a condenser provided with a rocker is equivalent to

a resistance given by (64).

Maxwell therefore provided the condenser—the same

condenser for which Ce has been determined— with a rocker

and inserted the arraicement in

one of the arms of a Wheatstone’s MIN YZ Y
bridge. By adjusting the resis- x
tances when the galvanometer

shows no deflection the resistance |»

R corresponding to the condenser

and the rocker can he found out.

Hence C can be determined by

(64). If R is expressed in Elece ©

tro magnetic units Cis also given

in Electromagnetic units, ¢.¢e. Cin Fig. 260

is determined.

A rather surprising result came out when Ce and Cm

were actually measured. Jt was found that the value of

onion gee

v =O. came out to be exactly the same as that of the
Cm

velocity of Light. This fact led Maxweil to conclude that

there must be intimate connection between [Electricity &

Magnetism and Light: and ultimately Maxwell developed his

Electromagnetic Theory of Light.

5 . CeArt 188 We have Ve =e es Ge

Since Ce and Cm are the measures of the

same capacity in the two svstems, their ratio is the tnverse

of the ratio of the sizes of the corresponding unté- Thus

Electromagnetic unit of capacity __|s
et a rere ee

Electrostatic unit of capacity
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UNITS AND DIMENSIONS
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In a similar way the ratio of units in the two systems

for other physical quantities can be obtained. ‘This ratio-

is given in column 4 inthe Tables given on previous pages.

Besides Electromagnetic and Electrostatic

Art 189 units there is another set of units known as

practical units. These practical units are

directly related to Electromagnetic units. Thus

One ohm (practical unit of resistance)

=10°C.G. S. Electromagnetic units of resistance.

One Ampere (Practical unit of current)

=10~ '¢, G. S. Electromagnetic unit of currdnt: and
\
\

i

so On.

The names of these practical units are given in column

5 of the table: their relations with Electromagnetic units are

given in column 6 of tue same table. The ratio of practical

unit to EB. S. unit may be readily obtained from columns 4

Volt = 10° x on —-
and 6 Thus in the case of E. M. F. ES. unit

oP
3x10" 300

volts ; and so on.

i.e. one BE. S. unit of E.M.F. is equal to 300

Exercise XIX

1. Express the dimensions of Electric charge, potential

difference and magnetic pole in Electrostatic as well as in

Electromagnetic systems.

The charge of an electron is 480x107 E.8. unit. What

is its value in BE. M. unit ? Ans. 1°60x107*’ EB. M. unit

9. How is it that the dimension of a physical quantity is

different in E. M. and E. S. systems? What important

conclusion can be arrived at by equating the dimensions of &

quantity in the two systems? Illustrate your answer by

expressing the dimensions of capacity in both E. M. and E.°&.

systems,

3. Describe how a capacity can be measured both in E. 5.

and in EK, M. units. What is the ratio of these two measures /
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4. Desoribe briefly what led Maxwell to develop the

Electromagnetic Theory of light.

5. Assuming that the Earth is a negatively charged sphere

of radius 6°37 10° cms. placed in space, find the density of

charge per square meter of its surface on a day when the fall of

potential in the air around it is 300 volts per meter. C. U. 19386.

Ans. 796E.S. unit.

6. Ina guard-ring air condenser, the plate is of diameter

50 cms and the distance befween the plates 02cm. Calculate

the capacity in micro farads. Ans. 8°68 x 107* micro-farads.

7. Ifthe work done in carrying a charge of 30 E.S. units

between two points be 10 ergs, fird the potential difference in

volts between the two points. Ans. 100 volts,

8. Ifthe surface density of a charged conductor be 25

coulombs per unit srea, find the intensity at a point near the

conductor. Ans. 94°25 x 107!” dynes per E. 8. unit of charge.

9. The plates of a parallel plate condenser are at a potential

difference of 50 volts. If the distance between the plates be

1 m.m. find the intensity at points between the plates.

Ans. 1°67 dynes per E- S. unit of charge.

10. A potential of 100 volts is applied between the two

plates of a parallel plate condenser. If the plates be of diameter

10 oms and are separated by a distance of 5 mm, calculate the

force of attraction between the plates, Ans. 1°39 dynes.



CHAPTER XX

ELECTRONS AND ATOMIC STRUCTURE

Electrons

As early asthe year 1879 Sir William Crookes carried
out a remarkable series of experiments on the\ electric

Art 190 discharge through a rarefied gas. A ylindsi-

Cathode Rays cal glass vessel containing air at atmospheric

pressure is provided with two platinum

electrodes at the two ends. The two terminals of an Induction

“Coil are connected to these electrodes and the following

remarkable series of phenomena are observed as the air is

gradually pumped out of the cylindrical vessel.

When the press.

(1) ——H oa ure is nearly
atmospheric the

Fig. 261 resistance is enor-

mous and sparking refuses to take place between the

electrodes.

(2) At about 40 
an

mm pressure irre- —=foeoHiy
gular streamers 

_

Fig. 262
begin to appear.

These may be compared to lightning flashes seen across the

sky during thunderstorms.

When the

(2) a sean — pressure is
— ~ lowered to about

Fig. 20 10 mm _ sparking

becomes steady and regular. A column of beautiful pink

colour—known as positive column—extends right up to the

anode. But near the cathode there is a short dark region

separating the positive column from the cathode, This dark
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Space was discovered by Faraday about the year 1838 and is
now known as Faraday dark space. On the cathode itself

there appears a small luminous blue spot.

(4) Gradual

reduction of

pressure causes the

positive column to Pig. 264

thicken more and more, until at 2to 4 mm pressure it fills

the whole cross section of the tube. Faraday dark space

becomes largerin length and the blue spot of light on the

cathode increases in extent, producing a beautiful velvety

glow. This is known as cathode glow.

At about 1 mm.

pressure the posi-

tive column breaks

up into peculiar

Striae which are alternate bright and dark bands and are

arranged at regular distances in the neighbourhood of the

anode. At this stage the cathode glow just separates from the

cathode and another dark space—now known as Crookes’

dark space—appears between the cathode and the cathode

glow.

(9) At abont

U5 mm = pressure

Crookes’ dark space

increases in size, Fig. 266

cathode glow is pushe: wwards the anode, the positive

column diminishes in size, -'riations are now fewer in number

aud are more widely separated.

CEANLARSATANRNS HUANABLVUBALL Oey PRALTAT REET ye Wassarman TT

At 0'i mm press

(7) —=C i — ure, Crookes’ dark
space increases

Fig. 267 very much in size,

the cathode glow is pushed almost to the anode and the

positive column vanishes almost completely.

H. M, 26
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(8) At pressures pore

0°02 mm and helow —=4 :
the cathode glow a Ze T
also disappears and Fig. 268

the tube is filled entirely by Crookes’ dark space so that there

is no trace of light within the tube. But the glass walls of

the tube—especially, the portion opposite the cathode—

are now luminous with a greenish glow.

Sir William Crookes wasaware thatthis greenish glow\was due to

the impact of a kind of rays from the cathode on the walls of the vessel.

Although he could not definitely establish the nature of thege cathode

rays he was fully conscious of the great importance of this pheno-
menon. He was of opinion that these cathode rays were a\material
radiation aud he spoke of them as matter tn the fourth* state

Properties of cathode rays were thoroughly

Art 191 studied by numerous workers, Sir William

Properties Crookes, Sir J. J. Thomson, Lenard, Perrin
and others. The properties are mainly as

follows *—

(1) Cathode rays travel in straight lenes.

If inside the discharge tube a micacross be fixed in the

path of the cathode rays a sharply defined shadow is. produced

* Usually we have matter in three states,—solid, liquid and gaseous.

Since cathode rays appeared to be rarer than a gas Crookes called them

matter in the fourth state.
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(2) Cathode rays start out of the cathcde in a direction
perpendicular to the surface of the cathode.

If the cathode be made concave in shape the rays follow

the radial paths and are concentrated at the centre.

(3) Cathode rays generate heat.

A piece of platinum placed at the centre of curvature of a

concave cathode is heated to redness when the cathode rays

are incident on it.

(4) Cathode rays possess inertia.

Ifa light wheel with mica vanes be suitably placed with

its axis on two horizontal rails the wheel is set into rotation,

if only one half of the wheel is situated within the path of

the cathode rays.

(5) Cathode rays produce phosphorescent light.

If the vanes of the mica wheel (in the previous experi-

ment) be set with suitably chosen substances beautifully

coloured phosphorescent light may be seen as the wheel

rotates.

(6) Cathode rays mutually repel one another.

In Fig 271 Ci and Ca are both cathodes which can be

jointly or separately connected to the induction coil. A is

the anode. When Ci alone is the cathode cathode rays

follow the path C,Bs. When Cs alone is the cathode the

Tays move along CsBs) But when both Ci and C2 are

simultaneously connected to the induction coil cathode rays
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follow the paths CiB1 and CsBe proving thereby that they

mutually repel one another.

Fig. 271 \

(7) Cathode rays are deflected by a magnetic field.

If in experiment (1) one pole a magnet be brought near

the discharge tube the shadow of the mica cross is

appreciably displaced, proving thereby that the cathode rays

are deviated by the magnet.

(8) Cathode rays are deflected by an electric field.

If the path of rays lies between two plates kept at

a difference of potential the rays are found to be deflected

from the rectilinear path. This was first observed by Sri J. J.

Thomson in 1895.

(9) Cathode rays can pass through thin metal foils.

In a discharge tube a portion of the glass is replaced by a

thin aluminium foil 0001 mm. thick and free from holes.

When the cathode rays are incident on this foil they pass

right out of the apparatus. This was first observed by Lenard.

For this reason the rays which come out of the apparatus are

known as Lenard rays.

(10) Cathode rays carry negative charge.

This was first definitely established by Perrin in 1895

by allowing the rays to fall into a Faraday cage*, An electro-

* A Faraday cage consists of two metallic vessels one within the

other but insulated from each other. The outer vessel is connected to

Earth and the inner to an electrometer. The outer vessel has a small

window for the rays to enter. -
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meter connected to the inner vessel of the cage, indicated that

negative charge was coming to the cage.

(>)
= =) /Jo Eleclromelen

+1 V Jo Carll.

Fig. 272

Art 192 Towards the end of the nineteenth century

Nature of as the properties of cathode rays were being
Cathode rays . .ay*® investigated, a heated controversy raged

throughout the scientific world regarding the nature of these

cathode rays. Hitherto, all known phenomena in connection

with Electricity and Magnetism were fully explained by the

wellknown Electrodynamic laws definitely established by this

time. Interference, diffraction, polarisation and other

properties of Light were also satisfactorily explained by the

wave theory of light. The whole book of science seemed to

be absolutely closed and nothing more—it was believed—

could be got out of it. But these cathode ravys—a small speck

of cloud in an otherwise clear sky—were the starting point of

a series of crucial experiments which completely upset all

previous ideas about matter and energy. About this time Sir

Oliver Lodge made the prophetic remark that the scientific

horizon was practically clear excepting that a small patch of

dark cloud had appeared in the sky. He prophesied that this

cloud might grow bigger and bigger until it might fill up the

whole of the sky.

We now know that this remark came to be very very true.

The scientific horizon was completely overcast with clouds,

so much so that until very recent times there was apparently

no sign of the sky being cleared up. Even a simple question

such as ‘‘What is Light” baffled solution for a long time and

even now no very clear picture can be given to its answer.

During the latter part of the nineteenth century Light

was believed to be definitely a wave in ether. It was therefore
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natural for many of the physicists to explain these eathode

rays also asa wave, although—they argued—it might be a

new kind of wave. There was however another school of

physicists who held that cathode rays were streams of

particles—possibly charged particles. The properties of

cathode rays—as they were discovered and studied—were

applied to provide a crucial test between the {two rival

theories. The rectilinear propagation of cathode ays could
be explained on either of the two theories and was therefore

no stich crucial property. The fact that cathode rays possess

inertia, hardly requires an explanation if the rays were

supposed to be streams of moving particles; but this property

did not also disprove the wave theory ; for by this time it was

definitely known that Light—a wave in ether—exerts pressure

and therefore possesses inertia. Deflection of cathode rays

by electric and magnetic fields was advanced by the supporters

of the particle theory as the decisive test. According to them

the rays consisted of charged particles and could therefore be

easily deflected by an electric field. The motion of these

charged particles constituted an electric current*® and hence

they were also acted on by a magnetic field. The direction of

deflection in either case showed that the charge on the cathode

ray particles was negative. But by this time Kerr effect and

Zeeman effect had been discovered. Intimate relation between

Light and Electricity & Magnetism was long ago suspected

by Faraday, Maxwell and others. Kerr effect and Zeeman

effect proved the correctness of this point of view. Physicists

who held that cathode rays were by nature waves, argued

that just as ordinary Light was acted on by electric and

magnetic fields as demonstrated by Kerr effect and Zeeman

effect, cathode rays were also affected by these fields although

the effect being different it might be that cathode rays were

anew kind of wave.

* It should be remembered that an electric field acts on a charged

particle; whereas a magnetic field produces its effect on a current

but has no action on a charge at rest.
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All speculations were however set at rest when Perrin

definitely proved that cathode rays carried negative charge.

A wave however peculiar it might bein nature can never be

imagined to carry charge. The fact that negative charge was

associated with cathode rays definitely established the nature

of these rays. They must be streams of negatively charged

particles. These particles were called electrons.

Art 193 Determination of -° and 4)
m

Soon afterwards attempts were naturally made to determine

the charge e, mass m and velocity v of these electrons. The

electric and magnetic deflections provided methods for

. . é ,

measuring the specific charge m and the velocity v». We

consider the electric deflection first.

Electric A beam of cathode rays made narrow by

deflection two parallel slits S1and Se is made to pass

through two parallel plates

Li between which an electric

field can be established. At

first when the electric field

is not applied the rays are

incident on a photographic

plate at A; when the

electric field is switched on the rays are deflected and are

incident at B.

a peer oo

‘s\'Sy A
Fig, 278

N< 657

If X be the strength of the electric field Xe is the force

with which an electron—when it enters the electric field

: wos Xe.
—is attracted towards the positive plate. TM therefore the

acceleration produced in a direction perpendicular to the

Original path of the electrons. If 1 be the length of the

electric field as is the time which the electron takes to move
v

l ,

across the field; in this time 5? the velocity generated at
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. . . l .tight angles to its path is me — Thus the electron—yjust

when it leaves the electric field—

Q ad has two velocities, » in the original

Xe | .
direction and - at right angles

| toit. Hence if @ be the angle of

deviation of the electrons,

Xe /y Xel1
Fig. 274 tan 9=—--* [y= **- (a)

m wv

La
vAle

. |

Also, if 51 be the deflection AB on the photographic plate

and D, the distance of the plate from the centre\ of the

electric field we have

tan 0 = =. [ Vide Fig. 273 |
L

Hence eh Sa
Mv

< =@ vee Lee (65)

s

where © is a measurable constant for the

the given apparatus.

We now come to the deflection by the

Magnetic magnetic field. As before Jet the beam of
defiection

electrons narrowed by the parallel slits Sy

and Se enter the magnetic field of strength H. An electronic

ities

_ \/ \/ fd

4 =\ d S\ 7 ‘ a “o* A
bow wal \ ae

: v

Fig, 275 «

charge e moving with a velocity v is equivalent toa current ev.

The force on this current by the magnetic field is Hev and the

. . Hev . .
acceleration produced is Tm” The deflection of a current is
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perpendicular to both the current and the magnetic field.

Hence if the magnetic field be at right angles to the plane of

the paper, the deflection of the electron is in the paper. The

electronic charge ‘e’ being negative the current ev is negative ;

it is therefore equivalent to a positive current in the opposite

direction. If the magnetic field be directed from above

towards the paper it may easily he seen. by applving

Fleming’s Left Hand Rule, that the force on the current is

directed downwards, #. e. the deflection is downwards. [ Vide

Fig. 275 |.

Tf lz be the length of the magnetic % —>»

field “ is the time in which the electron

crosses the field. Hence when it passes

out of the field the velocity generated at

tight angles to its path is

Hev le Hele mH

m'v om

Hence if ¢ be the deviation, Fig. 276

He’'2 Hels
an gto

MV

Again if 52 be the deflection on the photographic plate

and Te the distance of the plate from the centre of the

magnetic field,

9 _

tan = w2. [ Vide Fig 275 |
2oO

He 6
Hence ae = 2 .

mv De

a 8 Lp v. (66)
mv HieDe

where B is a constant for the given apparatus and can be

measured.

Dividing (66) by (65). v=
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\_, é ,
Thus v is measured and knowing 9, 7, can be determined

from any of the above two equations (65) or (66).

Art 194 It is to be noted that the path of the cathode

rays is parabolic within the electric field but circular within

the magnetic field. For, in the case of electric deflection if

we suppose that the cathode rays travel with a velocity » along

, X
X axis the force Xe and hence the acceleration a due to the

electric field is along Y axis. The case is analogous to the

case of a stone projected horizontally from the top of a\ tower.

In time ¢ distance traversed along X axis is given by z=vt ;

whereas the distance traversed along Y axis is given bv
¥

Xe . kgs : .
y=3%- — t? Eliminating ¢ between these two equations we

m

x? = Ime" .
have =- Xe This evidently represents a p

arabola whose

¥ é

_ Qme
latus rectum is~>- 

-

Xe

In the case of the magnetic deflection howeve the direction

of the force Hev due to magnetic field is always perpendicular

to the path of the cathode rays. The case is analogous

to a stone rotated with the help of a_ string; the force

on the stone and hence the centripetal acceleration is

along the string, ¢. ¢. perpendicular to the path of the stone.

Exactly in a similar way as the cathode rays are deviated

within the magnetic feld the force Hev also changes its direc-

tion and is always perpendicular to the path of the rays. The

path of the cathode rays is therefore circular. The radius

2

of the circular path is given by Heve ”TM orr=”*
r He

Art 195 The velocity » can also be measured

Direct deter- directly. For this purpose both electric and

minationofv magnetic fields are applied simultaneously it

the same region but at right angles to each other-—say, the
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electric field in the plane of the paper and the magnetic field

perpendicular to the plane of the paper. The deflection of the

VJ Ny,
“ITs\ /s\ =

tne mn te om am

VY

Fig. 277

cathode rays by both of them is therefore inthe plane of the

paper. The directions and strengths of the two fields are now

so adjusted that the electric deviation 6 is exactly equal and

opposite to the magnetic deviation ?; cathode ravs in that

case pass undeviated. We theretore have 0=¢.

from (a) and (8) ‘oe ee

eX
H le

If the lengths /1 and Jz of the two fields be also equal we
have finally

x
v= 7 7 (67)

Thus » can be determined.

Combining this experiment with esther electric or magnetic

, é
deflection experiment both m and v can be measured.

Two important results came out of this measurement

oF £
Art 196 of nm First the value of m for electrons was

found to be approximately 1850 times that

of the lightest atom, viz hydrogen atom [ Vide Art 124,

equation (44) ]
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4. @. ~ for electron = 1850 x = for hydrogen

If it is assumed that the charge E ona hydrogen atom in.

electrolysis is the same as the electronic charge e, the mass

m of the electron becomes 1850 times smaller than the lightest

known elementary mass.

The second result was perhaps more conclusive. It was

found that the value of ~ was independent of the an of

the cathode, the anode or the gas within the discharge tube.

That electrons were generated inthe discharge tube twas an

undisputed fact. Clearly these electrons were produced from

the cathode, the anode or the gas. presumably from the

cathode. But if the same value of - for the electrons be

obtained in every case—whether the electrodes were made of

copper, silver, aluminium or of any other metal and whether

the tube contained air, hydrogen, nitrogen or any other gas

the conclusion became irresistible that electrons were consti-

tuent parts of the atoms of a]] substances. Hitherto physicists

and chemists were of opinion that atoms were the least

indivisible particles of all known elements. Rut here was

a conclusive evidence which definitely established for the

first time that atoms contained electrons. Clearly the view

that the atoms were indivisible, could no longer be held to be

tenable. Atoms could surely he broken up and smaller

elementary mass could be obtained out of them.

Atoms as a whole are however neutral. If electrons

which are negatively charged particles are present within

atoms clearly there must also be equal amount of some

positive charge to counteract the effect of the negative charge.

The question is then how the charges are

Art 197 distributed within an atom. Obviously, the

charges cannot remain at rest; for in that

case mutual attraction of positive and negative charges would

bring them together and they would be destroyed in no time.
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So far the conclusion rested on solid ground. In the next

stage various speculations were made which could be tested
and accepted or rejected in the light of subsequent

experiments.

At first Sir J.J. Thomson put forward the hy pothesis

that positive charge was distributed uniformly over the

surface of an atom (supposed to be hollow) and electrons

rotated within the atom. This view was soon found to be

untenable. For, according to this view two atoms cannot

penetrate each other; the nearest approach of two atoms

takes place when they touch each other, i. ¢. the shortest

distance between the two centres is the diameter of an atom.

But it was found that @ rays which are positively charged

particles emitted by radioactive substances (Vide Art 213)

are sometimes deflected through large angles when they pass

through air. We may visualise that this deflection of a rays

is due to the repuisive action of the positive charges of the

neighbouring atoms. Calculation however showed that this

repulsive force—which becomes greater if the distance

between the centres of repelling particles is smaller—is not

sufficiently Jarge to deflect the fairly massive a particles

through such large angles, unless it is assumed that @ rays

pentrated into the atoms.

The next theory is due to Rutherford according to whom

positive charge is concentrated in a nucleus at the centre and

electrons rotate round this nucleus. The analogy with the

Solar system is now complete. The idea of a hard, elastic,

indivisible atom is completely gone; in its stead we have now

empty space in which a number of particles rotate round the

nucleus. Into such atoms a particles cau easily penetrate and

be repelled by the positively charged nucleus. There being

now practically no limit to the minimum distance of approach

of the centres, the repulsive force may be as large as itis

necessary to produce the deflection of a rays. As a matter

of fact, later, on measuring this large angle scattering of a

rays, Rutherford and Chadwick were succesful in determin-

ing the charge on the nucleus,
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Without going through historical stages we may now sum

up the final conclusions, The number of rotating electrons.

in an atom is the same as the position of the atom in the

periodic table. This number is known as atomic number,

Thus a hydrogen atom consists of a positively charged

nucleus known as proton surrounded by only one rotating

electron. The charge of the proton is numerically the same

as that of the electron; but its mass is much larger. The

. . ]
mass of an electron being negligibly small—only 1850 f that

of a hydrogen atom-—the mass of a proton is practically

the same as that of a hydrogen atom, In 1932 another

particle known as neutron was discovered; this is of

the same mass asa proton butis neutral, ¢.e.it carries no

charge. All atoms are believed to be built up of these neu-

trons, protons and electrons. Thus a He atom is of atomic

number two. The number of rotating electrons in a He atom

must therefore be two. Since the He atom asa wholeis

neutral we conclude that there are two protons in the

nucleus. And since the atomic weight of Ueis four, t.¢.a

He atom is four times as heavv as aH atom, the nucleus of a

He atom must also contain two neutrons. Thus the nucleus

of a He atom consists of 2 protons and 2 neutrons and this

nucleus is surrounded by 2 rotating electrons.

Similarly for an oxygen atom,

At. eet . No.of rotating electrons=8 and the nu-

At. No.= 8 " eleus consists of 8 protons and 8 neutrons.

For a Na atom,

At. Wt. = 23 . No. of rotating electrons=11 and the nu-

At. No.=11 '" eleus consistsof 11 protonsand12 neutrons.
And so on.

Thus the atomic number and the atomic weight are two

characteristics of the atom of an element, It is customary to

represent them as follows :—uNa”* denotes that the sodium

atom has the atomic number 11 and the atomic weight 23, 20°

denotes that the oxygen atom has the atomic number 8 and

atomic weight 16 and so on.
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Art 198 All the rotating electrons however are not at

the same distance from the nucleus. Groups of electrons

lying approximately on one spherical shell* surrounding the

nucleus, rotate approximately atthe same distance from the

nucleus andin all atoms ( excepting hydrogen and helium )

there are several such groups of electrons rotating in different

shells. Each shell is satisfied with a definite number of

electrons, t.e. it can contain a definite number of electrons and

no more. The first shell, ¢. e. the shell nearest to the nucleus

is known as K shell; it is satisfied by only 2 electrons.

The next shell—L shell, can contain 8 electrons, the third

shell—M_ shell, also 8 electrons, the fourth shell—_N shell,

18 electrons and so on.

413

It has gradually been realised that physical and chemical

properties of an atom depend upon the number of electrons

in the owlermust shell. Take for instance the inert gases—He,

Ne, A, Kr etc. respectively with atomic numbers 2, 10, 18, 36

etc. The number of rotating electrons in these substatices is

also respectively the same as these atomic numbers. The two

electrons in a He atom are all in K shell; of the 10 electrons

in a Ne atom 2 are in K shell and8 in Lshell. Similarly in

an A atom 2 are in K shell, 8 in L shell and 8 in M shell

andsoon. The outermost shell is in all these cases satisfied,

1. é. contains the requisite number of electrons and the result

is that these substances have no tendency to combine with any

other substance, —they are inert gases. The substances which

follow the inert gases in the periodic table have one electron in

excess and this extra electron is in the next higher shell.

These substances have an electro-positive character and the

valency is one. Li §, Na, K etc. are examples of this class.

* The word “shell” has been used here in the sense in which the
word “orbit” is sometimes used,

§ The atomic numbers of these substances are 3, 1], 9 etc. Of the 8
electrons in Li atom, 2 are in Kk shell and one in L shell ; 11 electrons

in Na atom are distributed——2 in K shell, 8 in L, shell and ove in M shell.
Ina k atom 2electrons arein K shell, 8in L shell, 8in M shell and

One in N shell; and soon, ‘Thusin every case there is one electron in

the outermost shell.
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On the other hand those elements which precede the inert

gases in the periodic table have one electron less than what is

necessary to satisfy the outermost shell. In these cases also the

valency is one but these substances are electro negative in

character. F*, Cl, Br etc. are examples of this class. A stable

compound is formed when one substance of the former class

combines with one of the latter. The former readily loses the

extra electron which the latter greedily absorbs. ! Similarly

substances where there are two electrons in excess of those satis-

fying the different shells have a valency 2 and aré electro.

positive and substances where there is a defictency of two

electrons satisfying the outermost shell, have also a valency 2

and are electro-negative. Stable compounds are formed when

a substance of the tirst group combines with one of the second.

And so on.

Art 199 One fundamental objection can however be

raised against the above theory of the structure of atoms. It is

well known from classical electrodynamics that a charge in

rotatory motion radiates energy. Anelectron rotating round

the nucleus should therefore continuously loose energy and as

a result its speed of rotation must continuously diminish and

in no time it should coalesce with the nucleus. An atom with

rotating electrons cannot therefore be stable.

Towards the close of the nineteenth century and in the

beginning of the twentieth century a number of experiments

was performed which shook the very foundation of the

classical concept about Light and Electricity & Magnetism.

Attacks on the classical theory were coming from different

branches of Physics. In the jear 1902 Planck a German

physicist, in order to explain the nature of radiation emitted

by a black body, put forward the revolutionary hypothesis
(oe —etremncmas ee rtm

* The atomic numbers of these substances are respectively 9, 17, 35

etc. Ina F atom 2 electrons are in K shell and 7in J, shell, in a C!

atom 2 electrons are in K shell, 8in L shell and 7in M shell; in the

case of Br atom 2 electrons are in K shell 8in L, shell, 8in M shell and

17in N shell. Thus in every case there is one electron short of what

would satisfy the outermost shell.
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that energy is emitted not continuously but in the form of

quanta. These quanta are nothing but bundles of energy

and according to Planck the energy of each quantum is hv

where v is the frequency of radiated energy and A is a

constant now known as Planck’s constant. Iu the year

1912 Bohr a Danish = scientist boldly asserted that

classical theory is not applicable to the electron rotating

within an atom, 2.¢6.,an electron while rotating in any orbit

inside the atom does not radiate energy. When however the

atom is excited by electric sparking or by high temperature

or by any other means, the electron in the outermost orbit is

removed to still higher orbits; but these higher orbits being

“unstable the electron almost immediately jumps back to the

‘ower orbits. And as the electron passes from a higher orbit

‘oa lower one the difference of energy in the two orbits is

radiated out in space as radiation. Bohr took up the idea of

Planck and asserted that the frequency of this radiation is

given by the relation—radiated energy =hv, The success with

which Bohr explained the spectra of hydrogen on this theory

at once placed his theory on a sound basis. Although in later

rears many modifications have been introduced in this theory

Bohr’s theory still remains fundamentally sound even up to

the present day.

Art 200 It will be seen from the foregoing articles

Atomic Number thot the atomic number of a substance Is more

fundamental than the atomic weight. The latter gives us

merely the weight of the substance relative to that of

hydrogen : it does not ordinarily give us any other information

about the substance. The former, on the other hand, being the

same as the number of rotating electrons, tells us how many

electrons there are in the outermost orbit. And from this we

know the valency of the substance, we also know whether the

substance is electro-positive or electro-negative ; many other

physical and chemical properties can also be deduced from

these, There is no regularity or symmetry about atomic wits.

of different substances. The atomic number on the other

hand, increases regularly by unity from one element to the

E.M,. 27
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next in the periodic table. The atomic wt is more or less

an accident whereas the atomic number is a fundamental

property of the atom. In the earlier days when the periodic

table was constructed on the basis of increasing atomic wts.

one serious discrepancy was noticed. The atomic wt.eef

Argon is greater than that of Potassium ; Argon was therefore

placed after Potassium. Butthis placed Potassium in the group

of inert gases and Argon in that of Alkaly metals. Clearly

the properties of Argon and Potassium did not correspond to

those of other substances in the same group. Later on when

ideas about Atomic Number became clear it was realised

that At. No. being more fundamental substances should be

arranged in the periodic table notin the order of increasing

At. wts. but in the order of increasing Atomic Numbers. The

At. No. of Argon is less than that of Potassium. The positions

of Argon and Potassium were therefore interchanged and the

discrepancy was removed.

With the discovery of -isotopes the atomic weight has

regained much of its lost importance. The atomic weight now

tells us precisely the number of protons and ueutrons in the

nucleus of an atom. The question naturally arises as to how

these protons and neutrons hold themselves in equilibrium

within the small compass of the nucleus. This has led to

many researches as to the properties of protons and neutrons

and attempts have been made for ascertaining the structure of

the nucleus. It is in this way that an estimate may be made of

the nuclear energy that may be obtained from the nucleus of

an afom.

As it often happens once the production

of electrons by the electric discharge was

definitely established, other methods were quickly discovered,

whereby electrons could be produced in a much simpler way.

According to Bohr’s theory an electron in the outermost

orbit of an atom may be removed to higher orbits by exciting

the atom, é.e. by imparting additional energy to the atom. If

this imparted energy be sufficiently large the electron may

ultimately be removed from the atom. The atom in that case

Art 201



Art 201 ATOMIC STRUCTURE 419

is said to be ionised and this process of detaching the electron

from the parent atom is known as tontsation. This additional

energy may be imparted by simply heating the substance

strongly. Thus mere heating to incandescence causes a

metallic wire to emit electrons. Again, ultra-violet rays, X

Rays, Y Rays etc. possess energy given by the equation H=hv

where hf is Planck’s constant aud »v is the frequency of the rays.

So when any of these rays 1s passed through a gas energy is

imparted to the atoms of the gas by these rays and electrons

are detached from the atoms, 1.e. the atoms are ionised.

The supply of energy to the atom may also conveniently

be done by bombarding the atom by a stream of external

electrons accelerated by a suitable potential gradient, If an

electron falls through a potential drop V its velocity v genera-

ted thereby is given by 4mv’=eV. If this velocity be suff-

ciently large the atom bombarded by the electron may be

jonised. The value of V just sufficient to ionise an atom is

known as the [onisation potential of the atom. Sometimes

after one electron has been removed from an atom a second

electron may also be removed provided the energy of the

bombarding electron is sufficiently high. The atom in this

ease is said to be doubly ionised. Thus there may bea

second ionisation potential. The ionisation potential of

Hydrogen is 13°6 volts. The two ionisation potentials for

removing the two electrons of a He atom are 94°5 volts and

78°6 volts. A Mg atom has more than two electrons rotating

round the nucleus. The ionisation potentials cor ¥#ssponding

to removal of the outermost two electrons are 76 volts and

15 volts. And so on.

Sometimes the energy of the bombarding elecron 1s just

sufficient to displace the electron of the bombarded atom to

the next higher orbit. The potential drop V (through which

the bombarding electron falls) is then known as resonance

potential. The higher orbit being however unstable the

electron (which is displaced to this higher orbit) immediately

afterwards comes back to the original orbit anda wavelength

d of light corresponding to the difference of energies in the
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two orbits is emitted. The wavelength is then known as

the resonance line. A ray of wavelength A possesses an energy

hv where » is the corresponding frequency. ‘This energy hv

must be equal to the energy $m v*=—e V of the bombarding

electron. Now A= = where C is the velocity of light. Hence

hy he

V eer
h=6°62x107-" erg. sec C=3 x 10'°cms/sec.

e=4°80x 107° B.S. U. 14 =—107%ems.

6°62 x 107273 x 102

4°80 x 107% x

6°62 x 1077 x 3x 10°°x 300 12°4x 107°

Hence V (E. 5S. U)=

V (volts) =~ ~— 480x1072°xA LO Xd
12°4x 107° _ 12400 8

A= yy cms>= V A

where V is measured in volts.

For Hg the resonance lines corresponding to the first two

oO °o

higher orbits, are 2536 A and 1862A. Hence the correspon-

; ; ; 12400
ding resonance lines are given by Vi= 9536.4 85 volts and

12400

1862
V2= =6§'§6 volts.

As the nature of cathode rays was

Art 202 gradually and firmly established another
Positive Rays allied phenomenon was studied by Sir J. J.

Thomson. We have seenin the previous articles that in a

discharge tube cathode rays or electrons come out of the

cathode and travel with fairly large velocities. The quantity

of gas within the discharge tube, although extremely small,

is not however absolutely nil. Some of the electrons coming

out of the cathode and travelling through the tube collide

with the atoms of this residual gas. By this impact the atoms

are ionised. These ionised atoms being positively charged
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( vide Art 201 ) are acted on by the electric field and move

towards the cathode with considerable velocities. Sir Thomson

| M
(— amend .a

L

2 —
MWK E | T

L a J A

L JA
M I

Main discharge tube

C ... Perforated Cathode.

A ... Anode

MM ... Horse shoe electromagnet,

Fig. 278

used an aluminium cathode perforated along the length by a

fine hole. The ionised atoms pass through the hole and come

to the other side ; they are then known as Positive rays. On

this side also there is an evacuated tube—evacuated more

completely than the main discharge tube, so that the com-

paratively massive” positive ray particles may move in

straight lines without meeting with any collision.

To find M for these positive rays, the usual electric and

magnetic field were applied perpendicular to the rays. Sir

J. J. Thomson applied these fields simultaneously and along

the same direction. As has been explained in Art 195 the two

fields being applied in the same direction, the deflections of

the positive rays produced by these fields are at right angles

to each other. The magnetic field is applied by the electro-

magnet MM. The end faces E, E of the poles of the

electromagnet are insulated from the main body of the

electromagnet. The electric field is applied between these

end faces HB, H. A photographic plate P perpendicular toeee EERE PIR AEE cannes ie med /

* Positive ray particles are massive in comparison to cathode

rays or electrons.
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the path of the rays is placed at some distance and the rays

are received by this plate. The electric deflection 81 and the

magnetic deflection d2 are given by equations (65) and (66)

[Art 193]. Substituting z and y for 6: and 82 in these equations

EB K
we have = ——--, X41Di and y=~~-~HleDe where E and M

Mv Mya

are the charge and mass of a positive ray particle and other

quantities have their usual meanings.

Thus z=K1-, , and y=Ke-. —-*Mv? y= Ke My \

where Ki and Ka are constants depending on the apparatus.

Kliminating ov between these two equations we have

y® Ke’, E . .
—-ea—— °- -—. Hence for particles which have the same value
¢ Ki M

EB y* * «
of x =Const. This obviously represents a parabola.
M

Thus particles which have the same value of y but differ-

ent values of v, are distributed over a parabola on the

E , .
photographic plate. If M be different the constant is also

different. Hence particles having different values of MM are
~

distributed over different parabolas. From these parabolas

sr and ultimately M of different particles can be determined.

Aston improved the arrangement by separating the electric

field and the magnetic field. He arranged the fields in such a

way that particles having the same value of a were concen-

trated at one point, instead of being distributed over a

parabola (as in the case of J. J; Thomson's apparatus ), Thus

the presence of even such particles as were small in

number, could be detected. Inthis way M ¢. e the atomic

weight of different substances present even in small quantities
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in the discharge tube could be determined. The apparatus

designed and used by Aston is now known as "Mass

Spectrograph”. The apparatus used by Sir J.J. Thomson is

also sometimes called Thomson’s Mass Spectrograph.

In the early days of the development of

lavtones chemistry Prout put forward the hypothesis
that all atoms are built up of the lightest

atom, viz. that of hydrogen. According to this view the

atomic weights of all substances should beintegers. This

view soon became untenable when by more accurate measure-

ment the atomic weights of almost all substances were found

to be fractional and not integers.

With the measurement of atomic weights of individual

particles by J. J. Thomson’s parabola method and later by

Aston’s Mass Spectrograph the same view has again come to

the fore although in a modified form. Itis now noticed that

those substances whose atomic weights were hitherto known

to be fractional are now found to be a mixture of two or more

substances whose individual atomic weights are integers.

Thus Chlorine whose atomic weight as determined by

chemical methods is known to be 35°47, is now found to be

consisting of two kinds of atoms whose individual weights

are 35 and 37. These latter are always mixed in sucha

proportion that the average atomic weight comes out to be

35°47. These atoms although differing in weights have the

same physical and chemical properties so that they can never

be separated by physical or chemical methods. In Aston’s

mass Spectrograph however they are made to be concentrated

at different points on the photographic plate and are thus

differentiated. Such atoms which differ in weight but have

the same physical and chemical properties are known as

Isotopes. Thus Neon whose ordinary At. wt. is 20’2 has two

isotopes of wts 20 and 22. Tin has six isotopes. Hven

substances whose atomic wts are found to be integers when

measured by ordinary methods are also sometimes known to

be consisting of isotopes. Thus oxygen in addition to the
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ordinary variety of At. wt. 16 has a rare isotope of At. wt. 17

and another of 18. The At. wt. of hydrogen is one. But two
other varieties of At wts 2 and 3 have been discovered. They

have the same physical and chemical properties as ordinary

hydrogen. But they are heavier ; and because of this heavi-

ness they are called Heavy Hydrogen.*

With the exception of a few almost all the elements are

now found to be consisting of isotopes. It is also noticed that

elements with odd atomic rumbers almost never possess) more

than two stable isotopes. While those with even atomic

numbers usually have a larger number of isotopes and Vnese
latter again occur in a fairly regular manner, eg. the isotopes

of iron (At. No. 26) are 54, 56,57 and 58; those of Zine

(At. No. 30) are 64, 66, 67, 68 and 70.

Art 204 Measurement of the charge e,

We have discussed how the specific charge . of an

electron was measured. Soon afterwards attempts were made

to measure the charge e. One of the best methods for measur-

ing the electronic charge is that due to Millikan.

The insulated metallic plates Pi and Pe separated by a

small distance are placed within an air-tight chamber B.

Oil (or mercury) is sprayed into the chamber B through the

funnel F by the atomiser A. There being a small hole in

the upper plate Pi, some of the drops of oil (or mercury)

produced by the spraving, pass into the space between the

* Hydrogen of At. wt 2 was first discovered and was called Heavy

Hydrogen. Hydrogen of At. wt 3, discovered later, is not usually so

called. Hydrogen of At. wt 2 also known as Deuterium was first

discovered by Prof, Urey spectroscopically while he was studying the

«nectrum of Hydrogen. Clearly if ordinary hydrogen be replaced by

Deuterium in a molecule of water the resulting water will be somewhat

heavier. Such ‘heavy water’ was actually obtained by electrolysing

large quantity of ordinary water by heavy current fora longtime. The

small quantity of water that ultimately remained was found to be ‘heavy

water’. Its properties are also different from those of ordinary water.

Ite freazing point is 8°8C, boiling point 101°°4C and latent heat of

vaporisation is 796 calories.
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two plates. X Ray radiation from the X Ray bulb X ionises

the air within, so that the tiny droplets as they fell slowly,

A
i

Yh

ata

collide with either electrons or positively charged ions and

become charged accordingly. An electric field strength of

which can be varied as desired, is established between the

plates. The upper plate being positive with respect to the

lower, charged oil drops are attracted towards the upper or

lower plate according as the charge is negative or positive. A

powerful beam of light from an arc lamp, illuminates the

drops so that they appear as specks of light in the field of view

of the microscope M. Attention is concentrated on one of the

drops pulled upwards by the electric field. If EK be the charge

on the drop and X the strength of the electric field, the upward

force on the drop is XE; andif m be the mass of the oil

drop, mg is the weight acting downwards. The strength X

of the electric field is adjusted until

XE = mg - ase (a)

In that case the oil drop is not acted on by any force and

can be observed for hours by the microscope as a stationarv

luminous point.
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In equation (a) X and g are measurable quantities. To

find ‘m’, the electric field is removed and the oil drop is

allowed to fall downwards by the action of its own weight.

As the size of the drop is extremely small it soon acquires

a uniform limiting velocity with which it goes down slowly

in the field of view of the microscope. ‘This limiting velocity

is measured by means of a scale placed within the microscope

and Is given by Stokes’ equation

2 !

p= ga*(P ~ @) wee | (b)
g 9

where a=radius of the drop, P=density of oil, o= denbity
of air and 7 — viscosity of air. /

Thus in equation (d), all other quantities being known the

radius ‘a’ of the drop can be determined. Hence the mass ‘m’

is obtained from the relation

Mass ‘m’=volume x density = < 770,50

In equation (a), X, m, g being thus determined, the charge

E on the drop can be measured. Itis to be noted however

that the oil drop—when it is observed by the microscope may

have already captured one, two or more electrons. The

charge E is therefore not necessarily the electronic charge

itself but may be twice, thrice or even greater multiples of

the same. The experiment was repeated a large number of

times with hundreds of drops and at different intervals of

time. It was noticed that different values of E obtained in

this way, were all integral multiples of a single unit. This

unit* is therefore the charge of the electron. Millikan obtained

4°77xX 107° KE. S. unit as the electronic charge. The present

day accepted value is 4°80 x 107?° E. S, unit.

Exercise XX

1. Describe the properties of cathode rays and discuss

briefly how they were applied to the determination of the

nature of the cathode rays-

* This was checked and corroborated in many other ways. For 8

fuller discussion, see ‘Electrons’ by Millikan.
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2. Explain how an electric field and a magnetic field may

be simultaneously superposed on the path of cathode rays so

that cathode rays are not deviated from their reotilinear path.

Show how this leads to the direct determination of the velocity

of the cathode rays partioles.

3. Explain why the deflections in the path of a moving

charged particle by an electric field and a magnetic field applied

in the same direction, are at right angles to each other.

4, A pair of plates, each of length 10 cms are placed at a

distance of 5 mm from each other and an electronic particle of

charge 4°80x10-" E. S. unit and mass 89x 107" pms is

projected through them. If the plates are ata difference of

potential of 6000 volts and if the particle is deflected through

30° find the velocity with which the particle is projected.

Ans. 1°93 x 10°° cms per sec.

5. Distinguish between atomic number and atomic weight.

Which is more fundamental and why ?

6. Describe briefly the structure of an atom explaining

how the valenoy of an atom is determined by the position of

the atom in the periodic table.

C. U. Questions.

1954 (1) Describe in detail how Milliksn determined the

electronic charge.

(2) Write short notes on Cathode rays.

1956. Write short notes on production and properties of

eathode rays.

1955. Write short notes on Positive Rays.

1957. Write short notes on Positive Rays.

1960. Describe a method of determining the value of

of an electron.

1961. Describe briefly Millikan’s Oil-drop experiment and

indicate how he determined the charge of an electron by this

method.
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How far his results sgree with the present day saccepted

value of the electronic charge ?

1962. What is an electron ? Describe a suitable arrange-

ment for the determination of its specific charge. Distinguish

between atomic weight and atomic number.

1963. What are cathode rays? Give a brief account of

the principal properties of these rays and show that they are

negatively charged particles.

1964. Whatis an electron ? Describe an experiment for
the determination of charge of an electron.

1963. [T.Y.D] Write short notes on significance of atomic
weight and atomic number.

1964. Describe a suitable arrangement for the determina-

tion of the specific charge of an electron.

What velocity will an electron at rest acquire in moving

through a P.D. of 1 volt? [Given e=4803x1077° E. 8. U,

1 volt: 300 E.S.U and mass of the electron = 9°108 * 107" gm}

Ans. 69°29 10° cms per sec.

1965. Describe the construction and working of 4

Thomson's Afass Spectrograph. Indicate the results obtained

with it.

1966. (old) Describe Millikan’s Qil-drop experiment for

determining the charge of an electron. Prove the formula fo

be used. Discuss the importance of such measurements.

1966 (Revised). Describe an experimental method of deter-

mining the specific charge of an electron. Discuss what led

the scientists to believe that the electron is a common consti-

tuent of matter.

1967. Write sbort notes on (a) Cathode rays (b) Positive

TAYS.



CHAPTER XXI

X RAYS AND RADIO-ACTIVITY

X Rays

Towards the end of the nineteenth century

Art 205 the properties of eathode rays as discovered

Discovery and studied by Sir J. J. Thomson and others,
attracted attention of numerous physicists

all over the world. In the year 1895 W. K. Rontgen Professor

of Physics in the university of Witrzburg was working with

such a highly evacuated cathode ray tube. Luckily for him

and luckily for mankind a screen of barium platinocyanide

was placed accidentally in the vicinity of bis tube. He found

to his surprise that as the cathode ray tube was being worked

the screen began to glow with a faint greenish yellow

fluorescent light. He thus discovered the generation of a new

kind of radiation whose origin he ultimately traced to the

sides of the glass vessel where the cathode rays impinged. Just

as in algebra the letter “X’ stands for any unknown quantity

so these rays, pending further enquiry as to their nature,

were called X Rays; they are also nowadays sometimes called

Rontgen rays after the name of the discoverer.

he most remarkable property that was soon found to be

possessed by these rays was that the rays

Properties could pass more or less freely through many

substances such as wood, paper, flesh ete,

which are opaque to ordinary light. Bones, metals and other

Genser substances were however opaque to these rays also.

Indeed opacity was found to be dependent on density. X

Rays were also found to ionise a gas and to affect a

photographic plate.

It was gradually established that X Rays
Art 206

are best produced by the impact of high

speed cathode ray particles on a metallic target (now known
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as anticathode) placed within the discharge tnbe. This fact

ultimately Jed to the development of the common form of X

Ray tubes usually seen in the market.

The property that cathode rays or electrons start out of

the cathode in adirection perpendicular to the surface of the

cathode (Vide Art 191), is utilised in the construction of an

X Ray tube. The cathode C is made concave so that cathode

Rays are all concentrated at the centreTM of curvature of the

cathode. At this centre the anti-cathode T generally in! the

form of a circular plate is placed inclined at an angle of 45°

to the beam of cathode rays. Bombardment of the we
cathode by the electrons being thus very much concentrated

a powerful beam of X Rays is generated from the anti-cathode.

The cathode is made of aluminium because aluminium

sputters least. A large amount of heat is also generated at
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the anti-cathode by the impact of cathode rays. To withstand

this the anti-cathode is made of a heavy metal such as

platinum or tungsten having a high melting point; it is

sometimes attached to the end of a heavy copper tube which

is hollow and cooled with water for carrying away heat. A

separate anode A placed somewere in the tube is in metallic

connection with the anti-cathode. The action of this separate

anode is not definitely understood; but it is found in

* Actually cathode rays or electrons are concentrated a little beyond

the centre of curvature ; this is because of the mutual repnuision exist-

ing among the electrons.
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practice to improve the working of the tube. The tube is

generally run by an induction coil or a high tension step-up

transformer, producing 30,000 to 50,000 volts.
ans , 

The pressure

within the tube is of the order of 1074 mm.

Since 1913 an altogether new type of

tube designed by W. ‘D. Coolidge, has been

placed on the market. Airis removed from

Within this tube as completely as possible so

that ordinarily no discharge can be passed across the tube

_ (r
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Art 207

Coolidge tube

owing to insufficient number of possible carriers left in the

tube. The cathode C is however made of a spiral of tungsten

Wire which is heated to incandescence by means of an

electric current. Large quantities of electrons (thermions) are

thereby emitted and these serve as carriers in the discharge

tube. These thermions have initially very small velocities

but can be speeded up to any desired extent by applying

corresponding potential difference across the tube. They

are focussed into a beam by surrounding the cathode with a

tube of molybdenum M. The anti-cathode A is made of &

massive block of tungsten. No arrangement for cooling is

usually made and no separate anode is provided for.

As has been stated earlier X Rays affect

Art 208 photographic plates. The presence of X Rays

Tonisation can therefore be detected by the use of these
plates. An approximate estimate of the

intensity of X Rays can also be obtained by the depth of

intensity on the photographic plates produced by X Rays.
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A more accurate estimate of the intensity can however be

made by what is known as the Jonisation chamber, In this

apparatus a metal

— Ay rod R is placed on
= suitable insulating
72)

W/
E

o, stands inside a

zi metal chamber C.

—~—> | W At one end the

X Rays 7 8 chamber has a
: window W mate of

=== aluminium thrdugh

which X Rays can

enter the chamber.

A potential difference of several hundred volts is applied

between the chamber and the rod by means of a battery.

A quadrant electrometer E is also connected to the rod R so

that it may detect any charge that may come tothe rod. The

chamber is filled with a gas, usually at atmospheric pressure.

Hydrogen, air, carbon bisulphide, sulphur dioxide, methyl

bromide are some of the gases used in an ionisation chamber,

When X Rays enter the chamber through the window

they ionise the gas. Hlectrons and positive ions formed

thereby are attracted towards the respective electrodes, viz

the rod and the chamber and thereisa current between the

two. The rod being thus charged the electrometer shows

deflection. This deflection is proportional to the rate at

which the rod is being charged and hence to the intensity of

of the X Rays. We have thus a measure of the intensity of X

Rays.

The ionisation chamber has also been utilised in detecting

the presence of and estimating the intensity of many other

rays and particles.

Art 209 Rontgen found that X Rays could not

Nature of be deflected by a magnet. Unlike cathode

X Rays rays they could not therefore be streams of

charged particles. To all probability they were electromagnetic

in nature like ordinary waves of light. But he did not

co. ene
7 — “pr

&

Fig, 282
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succeed in establishing their identity with light. For, all
attempts to observe the usual properties associated with

light, viz. reflection, refraction, interference, diffraction and

polarisation, yielded only negative results.

It was strongly suspected that X Rays, if at all they are

waves in ether, must be of very short wavelength at least

1000 times smaller than that of ordinary light. This would

at least explain the apparent impossibility of demonstrating

diffraction of X Rays by an ordinary grating. A beam of

sodium light of wavelength 5890A is diffracted by about 19°

in the first order by a grating with 5500 lines to the em. To

produce a similar deflection in X Rays would therefore

require each of the spacings of the grating to be divided into

1000 spaces : this is obviously mechanically impossible.

In the year 1912 Prof. Laue conceived the brilliant idea

that a crystal might provide a natural grating of suitable

spacing for the diffraction of X Ravs. There was however

one important point of difference. An ordinary grating

consists of parallel spacings all in one plane but the regularity

of a crystal grating is in three dimensions instead of only two

and may be roughly compared to a pile of gratings, one

placed on the top of the other. The mathematics of the

problem was indeed difficult but Prof Laue successfully

tackled the problem and obtained a solution. According to

him a narrow beam of X Rays passing symmetrically

through a crystal would be diffracted in certain definite

directions : if a photographic plate be placed perpendicular

to the beam, a symmetrical pattern of spots arranged accord-

ing to definite laws would develop on the photographic plate.

Laue however was not an experimentalist ; the theory was

put to a test by two of his students F riedrich and Knipping in

1913. A powerful beam of X Rays generated from the anti-

cathode IT’ and made very narrow by a series of slits in lead

screens A, Band C was ultimately incident on the crystal X.

A photographic plate P was placed perpendicular to the beam

and an exposure was made lasting for several hours. When

the plate was developed it was found that the central black

E. M. 28
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patch made by the undeflected beam of rays, was surrounded

by a symmetrical pattern of spots exactly as indicated by the

SILSLELOEBPRLOOOT LE OTEEL TE

Fig. 288

theory. The theory was thus abundantly verified. This

ultimately opened up a vast field of research probing into the

structure of crystals.

After the discovery by Prof. Lane that

xX Rays are waves in ether attempts were

naturally made to measure the wavelength of

xX Rays. By this time Prof. W. L. Bragg developed a simple

theory about the reflec-

Art 210

Bragg’s Law

c

. a tion of X Rays by crystal
- LT E faces. Let a narrow beam

Bo a of monochromatic X Rays

A oy ca of wavelength A be inci-
“se- dent on the face of a

crystal ata small glancing

angle 8. As X Rays can

penetrate”* into thecrystal

Fig. 284 Bragg asstimed that X

Rays are partially reflected successively from the different

layers. Wet the incident beam AB be partially reflected by the

* As X Rays penetrate intothe crystal intensity of X Rays gradually

diminishes, complete absorption taking place after the penetration of

geveral layers of atoma.,



first layer along BC. On entering the crystal along BD* let it
again be partially reflected by the second layer in the direction
DE. If DF be dropped perpendicular to BC the path difference
between the two reflected rays is clearly equal to BD-—BE.
Let BG the distance between two successive layers be

. a
represented by d. Th Gen ..Pp y en sin BD

_ a d cos 20
Or BD sin @ and BF=BD cos 2@= an”

Hence the path difference = | 2 _# cos 26 mal —cos 26)
nO sin @ sin 8

=2d sin 9, If this path difference be equal to nA the two rays

reflected from the first two layers reinforce each other. Clearly

if this relation is satisfied rays reflected from all the layers

also reinforce one another and we get a strong beam of reflec-

ted rays in the direction given by 2d sin 90=nX. This is known

as Bragg's equation for reflection of X Rays by a crystal

surface. Itisto be noted that when the wavelength A and

the glancing angle @ satisfy this relation then and then only a

strong beam of reflected rays is obtained ; for other glancing

angles the beams reflected from different layers are out of

phase with one another and as a result there is no effective

reflected beam.

Art 211 In order to measure the glancing angle 9

X Ray Bragg designed an X Ray spectrometer. This
Spectrometer is exactly analogous to an ordinary optical

spectrometer. The collimator of the ordinary spectrometer

is here replaced by two narrow slits S: and Sz through which

passes a narrow beam of X Rays generated by the X Ray bulb

* Jt is tacitly assumed here that the ray AB proceeds undeviated into

the crystal along BD, #.¢, the refractive index of the crystal for X Rays

is equal to unity ; in that case the path BD in the crystal is equivalent

to an equal path in air. Later by more accurate measurement it was

established that the refractive index of a crystal for X Rays is slightly

less than unity and X Rays are actually refracted into the crystal away

from the normal.
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X. This narrow beam is incident on the crystal face C placed

on the prism table. The telescope of the optical spectrometer

is replaced hy an iouisation chamber. Just before the

ionisation chamber there is a third slit Ss which prevents any

scattered radiation from entering the ionisation chamber.

The ionisation chamber and the slit S3 are carried by a handle

which rotates about the centre of the prism table. As the

ionisation chamber is to receive X Rays reflected by the crystal

face C it is obvious that as the crystal is rotated through a cer-

tain angle the ionisation chamber is also to be rotated through

twice the angle. When X Rays are reflected by the crystal face

they enter the ionisation chamber. An ionisation current is

thereby produced and the quadrant electrometer EK shows

deflection. These deflections are measured for different glancing

angles According to Brageg’s Law for a particular wavelength A

X Rays should be reflected for glancing angles 61, 92 and 9:

given by 2d sin 912, 2d sin 62=2A and 2d sin 6s=3X. Hence

sin 91: sin 62: sin 63 should be equal tol:2:3. Actually

when the angles 9:, 62 and 6s were measured this relation

was found to be true. Thus Bragg’s Law was verified.
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Again other sets of values of 6:1, 92 and 63 were obtained

satisfying the same relation. This proved that other wave-

lengths were present in the incident X Ray-beam. These

wavelengths depend on the metal used as the anti-cathode in

the X Ray bulb. It was gradually established that every

metal emits a characteristic X Ray spectrum of its own.

Later, by a very ingenious argument the distance ‘d’

between two consecutive layers of a rocksalt (NaC]) crystal

was determined. By using this crystal and by measuring the

glancing angles the wavelengths of X Rays were measured.

And by using these X Rays of known wavelengths the

distance ad between two consecutive layers of other crystals

were determined.

Thus it was established that X Rays can be reflected. Later

on it was found that X Rays also undergo refraction as they

pass into acrystal. As a result Bragg’s equation stated above

was slightly modified. Gradually all phenomena which

come under Optics have also been observed in the case of X

Rays. These phenomena are. Scattering, Reflection,

Refraction, Total reflection, Interference, Diffraction,

Polarisation. X Rays were thus definitely proved to be of

the same nature as Light.

Art 212 It ig found that the penetrating power of X Rays

varies inversely as the wavelength. The smaller the wavelength

of X Rays the greater is its penetrating power. Since frequency

vis equal to ~ where C is the velocity and A the wavelength,

penetrating power is obviously proportional to the frequency

v. X Rays having small wavelength and hence large frequency

are called hard X Rays. They have large penetrating power.

And X Rays having comparatively large wavelength an
d

hence small frequency are known as soft X Rays. They have

comparatively small penetrating power. 
|

Further, from quantum mechanics we have the well-known

Jaw, viz, the energy E ofa wave is given by E=hAv where

h is a constant known as Planck’s constant and »v is the

frequency of the wave. Hard X Rays having large frequency
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have therefore greater energy than soft X Rays. Asa matter

of fact the greater penetrating power of hard X Rays is due

to these rays possessing greater energy.

As has been stated in Art 206 X Rays are generated by

the impact of cathode rays onthe anti-cathode. The greater

the energy with which the cathode rays bombard the anti-

cathode the greater is the energy of X Rays produced by the

bombardment. The energy of cathode rays again depends on

the voltage applied between the cathode and anode. Inordinary

tubes the voltage applied is not usually very large. Soft X

Rays are therefore produced by ordinarv tubes. In Coolidge

tubes however the voltage applied must necessarily be ery

high. Very hard X Rays may therefore be obtained from

Coolidge tubes. Various other tubes have also been designed

for producing X Rays of very small wavelength.

Radio-activity

Art 213 When X Ravs were discovered and were
Discovery

found to be produced from the fluorescent

spot on the glass wall where the cathode rays bombarded it

was naturally supposed that there must be intimate relation

between fluorescence and X Rays. Acting on this assumption

H. Becquerel began experiments with naturally fluorescent

uranium compounds. In the year 1895 he found that a

piece of potassium uranyl sulphate previously exposed to

sunlight or to cathode rays and subsequently wrapped up in

black paper blackened a photographic plate on which it was

placed. Later on in 1896 he accidentally found to his surprise

that the same effect was produced even when the uranium

compound was not previously exposed to sunlight or to

cathode rays. Clearly some rays were spontaneously coming

out of the uranium compound which could pass through black

paper and could affect a photographic plate. These rays—

now known as Becquerel rays or radio-active rays—were very

similar to X Rays and their emission did not depend on any

previous or subsequent treatment to which the uranium com-
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undpo could be subjected. These rays again were found to
be emitted not by a particular uranium compound but by all

compounds of Uranium. It was thus definitely established

that the element Uranium emitted these tays and this emission

was spontaneous. This phenomenon is known as Radio-

activity.

Becquerel rays were found to render air

Activity conducting. This conductivity could be

measured in various ways, 6g. by observing

the rate of discharge of a charged gold leaf electroscope

or by measuring the strength of the saturation current through

air by a galvanometer. ‘Activity’ of Becqueral rays was

meastred in this way.

Uranium could be chiefly obtained from the natural

mineral pitchblende. It was noticed by Pierre Curie and his

wife Madam Curie that the activity of pitch

Art 214 blende far exceeded that of uranium in inten-
Discovery of sity. In fact the residues that were discarded

as useless, obtained in the separation of

uranium from pitch blende, were found to be about four

times more active than uranium itself. From this the two

Curies rightly concluded that there must be some other active

substance in the pitch blende; and they began to separate

this unknown substance. In their first attempt after two

to three years of hard labour, they discovered a substance

resembling Bismuth in chemical properties but possessing

radio active power thousand times greater than that of

uranium. This they called Polonium after the name of Poland

the mother country of Madam Curie. Six months later after

snonumental labour they separated another substance more

remarkable in its radio-active power. This was named

Radium ; its radio-activity is approximately million times

stronger than that of uranium. The huge amount of labour

which the two Curies undertook during these two or three

wears can only be guessed from the fact that out of tons of

pitch blende they succeeded in obtaining only a few milli-
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grams of radium. Asa recognition of this they along with

Becquerel had the honour of receiving the Nobel Prize in

Physics in 1904*,

Later on a host of other radio-active substances was

gradually discovered—Thorium, Ionium, Samarium (a rare

earth discovered in 1933 by Hevesy), Actinium etc. ete.

Art 215 It was gradually established that the

Constants of ‘mission of these rays is a spontaneous

radio-active phenomenon. Strongest heat— enough to melt
substances . ;

any element, intense cold—sufficient to freeze

any substance, strong electric and magnetic fields, very Vien
and very low pressures—all these were found to have no effect

on the emission of these rays. As it was helieved that these

physical changes cannot produce any effect on the nucleti of

atoms it was concluded that this emission must be due to the

breaking up of the nucleii of atoms of radio-active substances.

Clearly the nucleti of all atoms present in a radio-active

substance do not break up simultaneously or otherwise any

radio-active substance would dis-integrate in no time, 7.6. the

rate of breaking up of the atoms cannot be infinitely large.

It is reasonable to assume that at any instant this rate is

proportional to the total number of atoms actually present

at that instant. Thus if N be the number of atoms present at

, , an. ,
any instant the rate of breaking up, 4. é. li is proportional

to N.

aN . . ; , . gs
Thus ~— ocN [ The minus sign is added to indicate

that N decreases with time ¢ |.

aN
Or ai -~AN where 4 is a constant known as the

disintegration or decay constant,

Integrating log-N=-—-At+C where C is the constant of

integration.

* In 191i Madam Curie was awarded the Nobel Prize a second

time—this time in Chemistry, the only instance hitherto of a second

award, Pierre Curie had died prior to this by an accident.
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If No be the number of atoms initially present, ¢. e. if
N=No at =0 we have C=log, No,

Hence logeN = — At + log. No.

Or logs © =—At .. N=No 2 At
No

This equation shows that N becomes zero, 4.e. complete

disintegration takes place only after infinite time. The time

in which N decreases to half the original value is known as

Half period. If T be this half period we have No = No ,7 aT

OT gael mp a OR? _ 0693 :
A A

Thus T is inversely proportional to A; it is also therefore a

constant for a given radio active substance. For radium T

is 1590 years while for Radon (a radio-active gas) T is only

3°8 days

A third constant known as the mean life of a radio-active

substance is defined to be the ratio of the total life time of

all the radio-active atoms (of a substance) to the total number

of all such atoms. It can be determined as follows :—

aN . .
We know at = —XN. Leaving out the minus sign which

only signifies that N decreases with time #, we have

aN =ANdt=ANoe - At as These dN atoms disintegrate in time
dt after the lapse of time t, t.e. they have had a life time ¢

before they are disintegrated. Hence the total life time of

these dN atoms is equal to t@N. Now the initial No atoms

disintegrate gradually until after infinite time all of them

are disiniegrated. Or, in other words, all these atoms have

life times ranging from 0 to 00. Hence total life time of all

; OO

these atoms is f ‘dN.
0

Hence mean life ct is given by
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f CO

tdN 2 Co
0 I —t ~T=—No Ny J t ANoe amr te Mas

0 0

oc oc
= — Zt - Ocee )- -| t a] if e Alas

0 0 O0

The first term within the third bracket is zero for both the

limits. Hence, finally

CO CO

T= ~ At tT} _ 1f at=- ‘fe ae =
0 0 r

Thus the mean life zc turns out to be the reciprocal bf r.
0°693 —, .

Since T=- | — .. T=0'693 cr. The mean life of radium

90 _ 3°8
is therefore 0°693 2300 years, and that of radon is 0698

= 5'5 days.

Art 216 Properties of these radio active rays were at

first studied by the usual magnetic deflection. For this

purpose different radio-active substances were taken in a

small lead box provided with a narrow mica window at the
(ti

ly
i

“HS

morro os AMASISELIOOEPOTELEOLSD,
Fig. 286

top, so that the rays emitted by the substances in different

angular directions were absorbed by thick lead walls on all

sides and could pass out of the box only when they were
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emilted vertically upwards through the mica window. When a

strong magnetic field was applied perpendicular to the path

of these rays, the rays were found to be split up into three

portions. One portion was deflected to one side to a small

extent, another portion was deviated tothe other side to a

mtich larger extent while a third portion passed out undevia-

ted. These three were called @ rays, B rays and Y rays.

We shall first discuss the nature and property of a rays.

From the direction of deflection by the magnetic field it

was obvious that a rays consisted of positively

Art 217 charged particles. They were also found to

a rays be deflected by an electric field. By measuring

the deflections in the two cases the value

4
of +5 for the @ particle was determined. It was noticed

E
that~ for @ particle was almost exactly half that of a hydro-

gen atom in electrolysis. [ Vide Art 124 equation (44) |

(yr ) =i F)
6. €. 2 2.

M /a M /y

The charge on the particle was also later on measured*

and was found to be equal to two electronic charges, $. ¢.

BE. was equal to 2k It was therefore concluded M. on 4M

Thus @ rays consist of positively charged particles of mass

equal to four times that of a hydrogen atom
Nature of ;

a@ rays and of charge numerically equal to two

electronic charges. What is therefore the

nature of an @ particle ?

We have seen that a helium atom consists of a positively

charged nucleus surrounded by two electrons rotating

round the nucleus. The nucleus itself consists of two

protons and two neutrons. The mass of the nucleus is there-

fore equal to four times that of a hydrogen atom and the

charge on the nucleus is twice that of an electron. Can it be

* Vide Art 219
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therefore that an @ particle is identical with the nucleus of a

He atom ?

This point was satisfactorily settled by the simple but

beautiful experiment of Rutherford. A glass tube A was

fused into another glass tube Bin which two electrodes were

fitted. Both A and B were evacuated as completely as

possible. A speck of radium was placed on the top of a wire

placed in A. The portion of A within B was made of very

thin glass through which @ particles from radium could pass

and enter the tube B. An _ electric discharge was paysed

8

A af \- . _h—ee ‘ re re

Sf wee owe

Fig. 287

between the electrodes in B. It was expected that if @ particles

were identical with He nucleus, they would, on coming to B,

capture electrons produced by the electric discharge and

would form Hegas. In that case the spectrum of He was

expected to be produced by the discharge. Actually, after a

few hours the brightest lines of He appeared in the spectrum

and after a few days all the lines of He were produced. It

was thus conclusively established that @ particles were nothing

but nucleii of He. The fact that in nature radio-active minerals

always contain He gas in their cavities, also lead to the same

conclusion, vtz, He gas is a product of radio-activity.

The Geiger Miller counter is a very

Gein Co ter eficient apparatus for counting individual
particles that enter a chamber. It was first

devised by Rutherford and Geiger in 1908 and later in 1928-
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it was brought to perfection by Geiger and Miiller, Itis now

extensively used for counting @ particles, B particles,

neutrons, protons and for detecting the presence of various

: other rays. Kssentially it

ae G consists of a metal tube T
JOR, closed at two ends by ebonite

plugs. Along the axis of this

! [----- tube there is placed a veryi fine Wire P usually made of
tungsten. It passes out of

the tube through one of the

ebonite plugs, There is a circular opening in the other plug,

the opening being however closed usually by an aluminium

screen. This serves as the window W through which

the rays enter the tube. The tube is first completely

exhausted and is then filled with some suitable gas, e.g. air,

hydrogen, argon or a mixture of these at some chosen pres-

sure. A high tension battery is connected between the wire

P and the tube T. The E. M. F is just short of sparking

voltage so that ordinarily there is no discharge between the

wire P and the tube T. A _ single @ particle however, as it

enters the tube through the aluminium window W, produces

ionisation within the tube ; as a result a discharge takes place

between P and T. This may he detected bv having a suitable

instrument, such as a headphone or a galvanometer (G) placed

in the circuit. It is essential that this discharge should not

become permanent; it must be quickly and automatically

extinguished. This is achieved by having a high leak resis-

tance R in series with the battery. This being connected to

the Earth electric charges generated by ionisation within the

counter quickly pass on to the Earth and the counter is ready

to detect the arrival of a fresh particle. The counter thus

behaves as an antomatic rifle which is fired by the trigger

action of an in-coming particle and which quickly resets

itself for further use.

For detecting heavy particles, such as protons, or @

particles the gas within is at atmospheric pressure. If Y

Fig. 288



446 ELECTRICITY AND MAGNETISM Chap XXF

rays are to be detected the window is done away with and the

tube is closed on all sides. The tube itself having fairly

thick walls (1 to 3 mm), with the arrival of Y rays secondary

electrons emitted from the walls of the tube cause the

discharge to take place. For the detection of neutrons the

counter is filled with hydrogen. The protons liberated by

the collision of neutrons, produce the necessary ‘trigger’

action.

Art 219 It was observed that @ particles en

Properties of | incident on a zine blende screen prodtice

rays fluorescence. When examined by a low

power microscope the fluorescence is found to be disconti-

nuous; individual scintillations can be seen. ‘This provides

a visual evidence that 2 rays consist of discrete particles.

Counting the number of scintillations in a definite time over a

small area AB placed at a known

A distance from a radio-active source

_- 7 © it is possible to have an estimate

SSL _ J of the number of @ particles that
9 ~~

are emitted per sec per unit solid

angle by the source. Afterwards

the screen AB is replaced by a

metallic plate connected to an electrometer and the total

charge received by the plate in the same time is measured.

From the previous experiment the number of @ particles

coming to the plate in a given time being known the charge

of a single @ particle is determined.

B

Fig. 289

@ rays have also the power of affecting photographic plates.

The presence of a rays at any place can therefore be readily

detected by placing a photographic plate in the path of the

Tays. ~

When @ particles pass through a substance they knock

off electrons from the atoms lying along their paths, ¢.e. @

particles have the power of ionising the atoms. When 4

particles pass through a gas the path is almost a straight line.

The mass of @ particles being very large in comparison to
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that of an electron @ particles are not deviated at all when

they knock off electrons from the atoms.

however @ particles may collide with

the comparatively massive nucleii of the

On rare occasions

nd
i Sa em

atom. In that case the @ particles may \ ---207—
Noe Doe?’

be deviated from their paths. Such Sk

deviation may in some cases be even QO -
greater than 90°. As a matter of fact this NO
led Rutherford to the conception of the

nuclear atom model [ Vide Art 197 ]. Fig. 290

A peculiar property of @ rays is that when they pass

through a gas they are stopped abruptly after a certain

critical distance known as the range of a particles. Beyond

this distance all the three properties of & rays, viz., ionising

power, fluorescent effect and photographic effect disappear

simultaneously. This discovery was made in 1904 by Bragg

and Kleeman.

By the usual method of electric and
Art 220

. e
B rays magnetic deflections, — for Bray particle

was determined. It was found to be the same as that of an

electron. The direction of deflection of @ rays in the magnetic

or electric field, showed that they must be negatively charged

particles. It was therefore established that 8 rays are

nothing but cathode rays or electrons. The only characteristic

that distinguishes them from anelectron obtained otherwise,

is the tremendous velocity which they usually possess. This

velocity is comparable to the velocity of light, sometimes

approaching the latter to within 98% of its value.

eoretical grounds thatVariation of It was known on th ! grou _

mass with the mass of a charged particle varies wi
velocity

velocity and one of the relations as stated

by Lorentz, is ,

M =M (1- 6")
v =e

where M =rest-mass, s. ¢, mass of the particle when the
0
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velocity is small or nil, Mv= mass of the particle with velocity

» and B= O° C being the velocity of light.

Bucherer and other experimenters devised beautiful

experiments with these 6 rays, which fully demonstrated the

correctness of this relation.

& rays also produce scintillations on the zinc blende screen

but toa much lesser extent than @ rays. B rays affect the

photographic plate and can ionise air. It may be noted that

B rays being lighter particles, they are deviated by a magnttic

field, much more than @ rays which consist of much heaviér*

particles. \

Unlike @ rays or # rays, Y rays are not
deflected either by a magnetic field or by

an electric field. They cannot therefore be

streams of charged particles, It was gradually established

that Y rays are electromagnetic waves, t.e. they are of the

same nature as Light or X Rays from which they differ only

in their much shorter wavelength. Light in the visible

region extends roughly from about 4x107° cms. to about

8x107°> cms. The wavelength of X Rays approximately

lies in the region of 107° cm’ to 10°° cm. The wavelength

of Y rays, although overlapping somewhat with that of

X Rays, is usually much smaller, it extends from 10~° em.

to 107" ems.

B rays bearto Y rays exactly the same relation as the

cathode rays bear to X rays. X rays are produced by the

bombardment of cathode rays on the anticathode. Similarly

B rays which ate emitted deep within a solid radio-active

substance—while tending to come out of the solid—strike

against the substance itself ; Y rays are thereby produced by

the impact of GF rays on the radio-active substance. As we

have seen 8 rays possess greater velocity and hence greater

Art 221
y Rays

@ The mass of a B ray particle is a of that of a hydrogen atom

where as an a ray particle is four times as heavy as a hydrogen atom.



Art 221 RADIO ACTIVITY 449

kinetic energy than cathode rays. Their impact therefore

produces radiations of greater energy, i.e. of greater frequency

and hence of smaller wavelength. Thus Y rays have wave-

lengths much smaller than thoseof X Rays. This also

explains the significant fact that while @ rays alone are

emitted by some substances, 6 rays and Y rays are always

found to be associated with each other, é.e. substances which

emit 8 rays also produce Y rays.

Exercise XXI

1. Describe an X Ray tube pointing out the importance of

its differents parts.

2. What is a Coolidge tube ? In what way is it different

from an ordinary X Ray tube ?

3. Explain briefly how X Rays have been identified with

waves in ether. In what way is it different from ordinary

light ?

4. What are soft X Rays and hard X Rays? How do

they differ from each other ? On what does the softness or

hardness of X Rays depend ?

5. What are radio-active substances? Name some of

them.

6. What are Becquerel rays and what is meant by activity

of Beoqueral rays.

7. Describe briefly how Radium was discovered.

8. How has it been established that usually three kinds of

rays come out of a radio-active substance.

9. How has it been established that “rays are nothing

but nucleii of He atoms ?

10. What are 8 rays? In what way they are different

from cathode rays ?

11. B rays bear toY rays exactly the same relation as

cathode rays bear to X Rays. Justify this statements.

E. M. 29
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C. U. Questions

1958. Write short notes on Alpha rays.

1960. Write notes on Radio-active isotopes and their uses.

1961. Write notes on Nature of alpha, beta and gamma

rays.

1965. Write short notes on production and properties of

xX Rays, |

1963. (T. Y. D.) Write short notes on Properties of 4, B

and 7 rays.

1966. (IT. Y. D.) what are the different characteriatic

properties of @ particles ? How would you show that @ particles
\

are helium nucleii ? \

1967. (1) Describe a modern X Ray tube with a neat

diagram and explain how X Rays are produced. What are the

characteristic properties of X Rays? Explain what is meant

by hard X Rays.

(2) Give an account of the properties of radiations emitted

by radio-active substances. Explain what is meant by the

half period life of a radio-active substance.



CHAPTER XXII

ELECTRONICS AND WIRELESS TRANSMISSION

Electronics, a branch of physics, has come to play a very

Art 222 important part in modern times, ‘not only in

Work function PUTe physics but also in engineering and

andthermionic jndustry. As is well known there are always
emission e,a ’

free electrons within a metal. These electrons

move within the metal like molecules of a gas with different

velocities and hence with different energies ; the maximum

energy possessed hy an electron depends on the temperature.

At absolute zero the maximum energy Wr is known as Fermi

level. Asthe temperature rises this maximum energy also

increases. For every metal there is again an energy Wa

(known as potential barrier) which must he exceeded before

an electron can go out of the metal surface. Or, in other

words, at any temperature if the maximum energy be greater

than Wu some of the electrons having energy greater than Wa

are emitted from the metal surface. The difference Wa~- WF

A

Ne

eo. >c 4225 E

wee Wa

Fig. 291

is known as the Work Function ¢@. In Fig. 291 EK represents

the energy of anelectron and n the number of electrons

possessing the energy E. So long as the maximum energy

is less than Wz, no electron comes out of the surface of the

meta). If the temperature be increased so that .the maximum

energy is represented by a point A beyond Wa the electrons
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possessing energies represented by points between Wa and A

have the chance to leave the metal surface. Thus if the

temperature of a metallic wire be sufficiently high there isa

copious supply of electrons from the wire. Electrons obtained

inthis way are known as thermions, Unlike cathode rays

these thermions have initially very small velocities but they

can be speeded up to any desired extent by a suitable potential

gradient.

In a Diode a metallic filament (sometimes called a cathdde)

is strongly heated by an electric current drawn

from a small battery of low voltage 1

(usually 2 to 8 volts) known as low tensidn

(L. T.) battery. A metallic plate P known as anode is placed
in the neighbourhood of the fila-

+ ment and is maintained at some

——_ — high positive potential with respect

2(HT) to the filament by a battery of fairly
high voltage Ee (usually 80 to 200

volts) known as high tension (H. T.)

. battery. The electrons emitted by

= E (L T) the heated filament are attracted by

Art 223

Diode

[+ the anode and there is a flow of

electrons from the filament to the

Fig. 292 anode, 4. 6 a negative current flows

from the filament to the anode. This is equivalent to a positive

current—known as plate current or anode current—from the

ance to the filament. The filament and the anode are enclosed

in a glass bulb which is ordinarily completely evacuated.

Art 224 Let the potential V at a point between the

Cathode poten- cathode and the anode be plotted against the

tialand space distance 2 of the point -from the cathode.
h * . .
cmaree When the cathode is cold there is negligible

emission of electrons and the potential varies linearly

from the zero at the cathode C to Es at the anode.

If the cathode temperature be raised there is some emi-

ssion of electrons which move towards the anode under the
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action of the electric field. Due to presence of electrons

in space between the cathode and the anode the field

strength near the cathode is reduced and the potential distribu-

VA VA

E,

Fig. 293(a) Fig. 298(d)

tion now takes the shape as in Fig 293(b). The cathode and

the anode potentials, of course, retain their previous values.

As the temperature of the cathode is gradually raised,

producing increased emission of electrons the potential

near the cathode continues to fall. Ultimately this

A

Pi. > *<
Ww oO

Fig. 293(c) 298(d)

may be zero [ Fig. 293(c)] or even negative [ Fig.

293(d)]. In the latter case the potential at some point

P between the cathode and the anode is minimum and is

negative. At this point there exists in space an accumulation

of some electrons. The cloud of electrons accumulated there

is neither attracted towards the anode nor repelled towards

the cathode. This cloud is known as Space charge. On one
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side of the point P the electrons are attracted towards the

anode whereas on the other side the electrons are repelled

towards the cathode. For an electron to reach the anode it

must start from the cathode with a sufficiently high velocity so

as to be able to pass through the region of the retarding field

caused by thespace charge. Electrons emitted with less velocities

are brought to rest before P: they then return to the cathode.

The strength of the anode current is therefore limited by the

space charge and is called space charge limited current. ‘The

value of this current was first derived by Child and is given

. 3/s
by ¢,=AV, where A is a constant for the valve and Va is

the anode voltage. This relation is known as “Child’s

Law” or Three Halves Power equation’ or “Langmuir's

equation.”” When however the emission is small as in

Fig 293 (b) the field strength near cathode, although

reduced, is accelerating and all the electrons emitted from the

cathode reach the anode. Under these conditions the anode

current is determined by the cathode temperature only and is

known as temperature limited current. In this case the

b/T

T is the absolute temperature of the cathode, A is an absolute

constant and 6 is equal to $/K where ¢ is the work function of

the metal and Kis Boltzmann’s constant. The limiting case

between temperature limitation and space charge limitation is

shown in Fig 293 (ce).

Sometimes the diode is filled with some
Art 225 . , ;

Gas Diodes gas which does not combine either with the

anode or with the cathode. Fig 294 shows

the anode current in a diode which has an oxide coated

cathode and in which there is some merctiry vapour. As the

voltage vo of the anode is gradually increased from zero

current is given by Richardson’s equation t, = ATs | where

the anode current at first rises slowly ; when V A teaches the

value of about 10 volts the current is LmA. If Vv. be

increased slightly beyond 10 V the current suddenly rises at
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an enormons rate and a glow appears inside the diode. As the

electrons are speeded up to a fairly large velocity, after

successive collisions the atoms

ba 4 of the gas begin to be ionised.
The glow is due to this ionisa-

r tion of gas molecules. This

takes place at some distance

from the cathode. Beyond this

, there is neutralisation of space

! ; charge by the positive ions and

lov Vs the potential becomes practi-

cally constant. The potential

Fig. 294 variation between the cathode

and the anode is shown in VA

Fig 295. Practically all the .

voltage drop across the diode E,

occurs ina short region CP.

The region CP round the

cathode is known as_ the

positive ion sheath. The region

P to A where the voltage is

nearly constant is known as C
Plasma. Fig. 295

Art 226 The diode is nowadays extensively used

Diode asa in rectifying alternating currents. In Fig 296

rectifier P and F are the anode and the filament in the

diode valve. The filament is heated to incandescence by a

low tension battery. AB and

CD are twocoils forming the

primary and the secondary of a

transformer. The A.C. current

to be rectified is passed through

the primary AB. Due to this

an alternating potential differ-

ence is generated between the

Fig. 296 terminals of the secondary

AC

Supply
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CD. As C is connected to P and D to F the anode P becomes

alternately positive and negative with respect to F. When P

iS positive there is a flow of electrons from the filament to the

anode, ¢. 6. there is a negative current from F to P and hence

a positive current from P to F within the valve. Obviously

this current flows from F to P outside the valve and passes

through the external resistance R included in the circuit.

When P is negative there is no flow of electrons from F to P

and consequently there is no current through R. Thus an
intermittent current—but always in the same direction—pases

|Current Current
(NOD OOOSO

Fig, 297 (a) Fig. 297 (5)

through R. The alternating current through AB may be

represented by the curve in Fig 297 (a); whereas the current

through R is as shown in Fig 297 (b). Obviously the upper

half of the A.C. supply produces the corresponding current

in R but no current is produced in R by the lower half of the

A.C. supply. Such rectification is known as Half Wave

Recttficatton.

Full Wave Rectification may be produced by having two

diodes. Thus in Fig 298 the terminals C and D of the

secondary are respectively connected to the anodes P: and

Ps of the two valves Vi and Vs. The mid point O of CD is

joined to the filaments through the external resistance R.

The filaments are as usual heated to -incandescence by

a low tension battery (not shown in the diagram). When the

primary AB is connected to the A.C. supply the terminals

Cand D of the secondary become alternately positive and

negative with respect to each other. WhenC is positive with

respect to D the point O—the mid point of CD—becomes nega-
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tive with respect to C but positive with respect to D. Thus in

the valve Vi P: is positive with respect to F: but in the valve

_. . Va Pe is negative with

respect to Fe Hence

"A Vo there is a flow of

Cc] | electrons in V1 but
not in Va. We = say

that the valve Vi: is

conducting and the

valve Ve is non-—QLQQLALLLIGQ

vas | conducting. After halfa

| Supply cycle when D becomes

positive with

Fig. 298 respect to C the effect

is reversed, ¢. e. the valve V2 becomes conducting and the valve

Vi non-conducting. This goes on alternately. Now from

Fig 298 it is obvious that whichever valve is conducting, due

to flow of electrons there is always a positive current flowing

through the resistance R in the direction indicated by the

arrow. If the alternating current be represented by the

= e

E :
© }

tN /_

—————>» Time ———————p Time

Fig. 299 (a) Fig. 299 (0)

curve in Fig 299 (a) the current through R is now of the

form as shown in Fig 299(b). ‘Thus we get unidirectional

current for both halves of the A. C. supply. This rectification

is known as Full wave rectification.

Instead of having two separate diodes we may havea

single diode with two anodes. Thus in the valve V [Vide Fig

300] the anodes Pi and Pz are respectively connected to the

two terminals C and D of the secondary CD. The mid point
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O of CD is connected to the filament F through the external

resistance R. As the A. C. supply

is applied to the primary AB the

anodes Pi and Pe become alter-

nately positive and negative with

respect to the filament F. Hence

flow of electrons takes place alter-

nately to Pi and Pz. In each case

however a positive current flows

through R in the direction indi- ‘ A.C.
cated by the arrow. Such a diode Supply \
with two anodes is known as Du- :

diode. Full wave rectification may Fig. 300

thus be obtained with the help of a Du-diode.

It is seen from Fig 299 (b) that the current through R,

although unidirectional, is not of uniform strength. The

current may however be smoothed down by using a suitable

choke in series and a condenser of required capacity in parallel
with the resistance R.

Art 227 Let us now suppose that a wire gauze

Triode and «OT: 2 Wire netting (technically know as a grid)

its constants =i. nlaced* between the plate and the filament.

The valve is now called a tri-

ode, or a three electrode valve

because it contains three

electrodes, viz, the filament,

the grid and the plate. Elect-

rons from the filament F have

gotto pass through the meshes

of the grid G before they can

reach the plate P. The grid

being nearer the filament it is

evident that a small potential Re

applied to the grid consi- wee en

derably modifies the motion Fig 301

* The grid is usually a cylinder of wire netting surrounding the

filament and the plate is another cylinder surrounding the grid.
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-of the electrons and therefore produces a corresponding

change in the anode current. The anode current t, is thus

a function of two variables—the plate voltage Vv, and the grid

voltage Voy Mathematically t, =f (V V ,): Obviously if we

keep the grid voltage V CG constant we can vary o. by varying

Vo The family of curves so obtained corresponding to different

constant values of V G are

known as Anode characteris. —————-—— yo tux

fic curves, These are shown —————— Vg= 0

in Fig. 302. Similarly if [i V6 -ve
we keep the plate voltage ,/ Jf
V_constant we can also ee >
A Va

vary t by changing Via

A 3 Fig. 802
The family of curves so

obtained for different values of Vi are known eas mutual

characteristic curves,

L4 —~ These are shown in

/ | Fig. 803. It will be
J seen that each of the

L / mutual characteristic
curves consists of a

straight line in the

middle together with

two bends at the two

ends. When the grid voltage is sufficiently high the curve

becomes a straight line parallel to the Ve axis and the current

wnt a %
re

VG

Fig. 303

isthen maximum. The valve is usually worked at some

particular point of a characteristic curve, the point being

chosen either on the straight line portion or on the bending

portion—the choice of the point depends on the purpose for

which the valve is to be used. Obviously the point is deter-

mined by applying the corresponding voltages Vv, and V a

Rae RAW A
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When the valve is actually used weare concerned not so much

with the actual values of ve V og ot t, but with the changes

of these three variables. Writing V for the small change
@

sv Ve for 5V_ andi for 5i. we may now define the three
g G a A

constants of the valve.

If we keep Vy constant and if we obtain a change
!

i,( =0i,) in the anode current corresponding to the change

V (- sv, ) in the anode voltage we define the first constant

V

as (=) =R (internal resistance or anode slope
¢ 7V =const
a

resistance of the valve).

Similarly if the anode voltage Vv, is kept constant and if

2 ,
a change a in the anode current be produced by a change

V _(- éV .) in the grid voltage we obtain the second constant

as (< ) =», (Mutual conductance of the valve).
g v, = const

Lastly if . be kept constant the ratio V to V_ is known
a g

as voltage amplification factor. Hence the third constant is

V

defined as (0 =u (amplification factor).

fo ¢ 4 const

7 ‘ , wer ; h ¥Now since t. 1(v,. Ve ) we have
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Si oA
an aes (4di, (sv) av (5") qv.

V CV
G A

]
R “* av. T Gin « av

a

We may also arrange in such a way that the plate current

, , 1
remains unaltered, 2, e, = (), — =ered, 2. ¢ dt. 0. Hence R, av + Im av. 0

av

we 9nR y= “(av*)= ~ 4.
G!.

é

A

Ze é. [tL =a =~ Jon R, aoe oe (68)

. . Va
Again since y, ‘mw we have Va=pV,i.e. the change Vy

f

in the grid voltage is equivalent to the change vVy in the

anode voltage.

Art 228 Letus now consider two mutual characteristic

curves for anode voltages
. Vat Ve .

LA Aone V andV +V. Consider a
A A 4a

VA point B for which the grid

[| far voltage is V G and the anode

current is ‘, for the anode

voltage Vy Let the grid

voltage change to V ot Vo SO
<V

that the point moves to D.

Hence BCV,. Since BD is

small,
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BC d volt:

CD _ | Change in anode current =g

Change in grid voltage |, TM

A

“. CD = 7m Vo.

Also along DE grid voltage is constant. Hence

St
A Va

pe(yr Ver!
A“ v

G

Since CK =CD+DE |

\
V }

° ta gm Vo + - 2 eee (69)
Rg

Art 229 In atriode the anode not only acts as the

Tetrode collector of electron current but also controls

the strength of the current. It is possible to

Separate the two functions by introducing a second grid

between the original grid and the anode. The

original grid G1 is now called the control grid

and the new grid Ge is known asthe screen

grid. This screen grid is maintained at some

positive potential. Fora given value of the

control grid voltage the presence of the screen

grid helps in overcoming the effect of the Fig. 805

space charge; the flow of electrons leaving the cathode thus

depends mainly on the voltage of the screen and very little on

that of the anode.

Art 230 The electrons from the filament as they

Pentode reach the anode, strike the anode with fairly

large velocities. This impact may cause secondary emission

of electrons from the anode. In a triode the control grid

being negative all these secondary electrons emitted from the

anode are repelled by the. grid and are pulled back to the

anode. There is therefore no effect on the anode current.

In a tetrode however the screen being at a positive potential
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some of the secondary electrons from the anode may go to

‘the screen thereby causing some reduction of the anode

current. This effect can be eliminated by

the insertion of a third grid Gs between the

G, screen and the anode. This additional grid

e? known as the suppressor grid is usually main-

-) tained at zero potential, ¢. e. the potential of

the cathode. When the screen and the anode

Fig. 306 are at positive potentials the space within

the meshes of the new grid is at a potential somewhat above

zero. With this arrangement the field outside the anode-—

even with low anode voltage—is such that secondary electrons

return to the anode

We shall see in the next few article that wireless trans-

mission and reception depend mainly on the presence of the

original grid, though of course the screen grid and the

suppressor grid are often used as practical improvements.

Art 231 Wireless transmission, as the very name

Fransmisson ic implies, is transmission without any wire.

waves The message to be transmitted—music, speech

or telegraphic code—is converted into electromagnetic*® waves

which propagate out into space. At the receiving station

these waves are reconverted into sound and the message is

received. There are thus two stages, —(1) transmission or

generation of electromagnetic waves and (2) reception or

conversion of electromagnetic waves into sound.

As early as the year 1863 Maxwell predicted on theoretical

gronnds that electromagnetic waves may be generated by

rapid oscillations of electric potential difference between the

two terminals of a sparking plug. Thusin Fig 307 when

the key is pressed making contact with the stud Si the

condenser C is charged by the battery B. When the key is

released by the action of the spring S contact is made with

* In such waves pulses of electric strain as well as pulses of mag-

netic strain follow one another. That is why these waves are called

electromagnetic waves.
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the stud Se and the condenser is discharged. In Arts 157

and 159 we have seen that both charging and discharging

of a condenser are oscillatory

when the capacity C, the induc.

tance I, and the resistance R

of the circuit satisfy the rela-

tion R < zy, In wire-
|

| less circuits resistance is kept

K extremely low so that th

—Yy relation is satisfied and th
rreauency of oscillation i

“on Fix [ Vide equation (59a),

2 #
L_ : Art 157]. If aspark gap G is

placed in parallel with the

condenser [Fig 307] a high

frequency alternating potential

difference is produced at its two terminals ; electromagnetic

Waves are therefore generated at each charge and again at each

discharge of the condenser. Suitably altering the values of L

and C this frequency may be made as large as is desired.

Art 232s: In 1888 Hertz first demonstrated experimentally

the existence of such waves. About the year 1895 Marconi

discovered that if the sparking plug be replaced by a vertical

wire known as aerial (supported by suitable masts) connected

to the Earth considerable energy may be sent out to space as

electromagnetic waves. It must however be clearly understood

that in order that considerable energy is transmitted as electro-

magnetic waves itis absolutely necessary that frequency of

oscillations of electric potential difference must be very high

—of the order of 10° or more per sec. Such frequency is

known as Radio frequency (R. F.)

Clearly a pulse of electromagnetic waves starts at the make
and again another pulse atthe : break of the circuit. These

pulses follow one another in space and they travel with the

velocity of light. The interval between two successive pulses

B

Fig. 307
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obviously depends on the frequencey of making and breaking

the circuit, This latter frequency is comparatively small and

KIO %S.2

al fhWe eee 24
Fig. 308

is known as Audio frequency (A. F.). Obviously this can be

adjusted.

Art 233 We now come to the reception of electro-

Reception of TMagnetic waves. This reception is exactly

electromagnetic analogous to the case of resonance in sound.

waves When a tunning fork vibrates it sends out
waves in air. If inthe neighbourhood there be a sonometer

Wire tuned to the same frequency we know that the wire

responds, 4. e. the wire begins to vibrate. Thus the vibration

of a tuning fork generates waves in air and these waves in

their turn produce vibrations in a stretched wire tuned to the

same frequency. Exactly in a similar way electric oscillations

in a circuit generate electromagnetic waves in space. These

waves are of the same frequency as that of oscillations in the

transmitting circuit. When these waves are incident on

another circuit (receiving circuit) tuned to the same frequency

the second circuit responds, ¢. e. electric oscillations of the

same frequency are generated in the receiving circuit. At the

receiving station therefore we must have a circuit tuned to the

same frequency as that of the transmitting circuit. Since the

frequency of a circuit—when resistance is extremely small

—is equal to — [Vide (59a) Art 157] itis clear that in
otal L,

both transmitting and receiving circuits the product LC must

be the same. By altering the values of L and OC the same

receiving apparatus may be made to receive different wave-

ER. M. 30
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lengths.* This is what we call tuning of a radio set to different

wavelengths.

Art 234 Now electric oscillations generated in the

Detection and Circuit are of high freqnency (10° or more)—the

Amplification same as that in the transmitting station. This

frequency is too high to work an ordinary instrument such as

a galvanometer, atelephone or a loudspeaker. These high

frequency oscillations must therefore be converted into low

frequency before they can produce corresponding sound | this

conversion of high frequency into low frequency is wh It is

technically known as “‘detection’”’. Again as energy sprdads

out in different directions from the transmitting station a very

smal] amount of energy comes to the receiving station and

electric oscillations produced thereby are of small amplitude.

These oscillations must also be amplified. Thus two things.

are necessary at the receiving station— detection and ampli-

fication. With the help of crystals detection is possible.

Certain crystals have got the property that they allow currents

to flow through them in one direction only; currents in the

reversed direction meet with an infinite resistance so that they

are quenched or destroyed. If therefore one stich crystal be

included in the receiving circuit one half of electric oscilla-

tions is quenched and currents are made unidirectional. ‘The

way how a telephone also included in the circuit responds to

these currents may be understood from an examination of

Fig. 309. Fig (a) represents a series of incoming waves.

* Asis well known Wavelength and frequency are connected by the

Velocity_
Frequency

the velolcity is the same as that of light, viz, 83x10'° ems per sec.

Hence a wavelength of 300 metres corresponds to a frequency of

oT oscillations per sec. But a kilocycle is 10° oscillations

and a megacycle 10° oscillations. Hence a wavelength of 300 metres

is equivalent to a frequency of 1000 kilocycles or one megacycle per sec.

Similarly a wavelength of 830 metres corresponds to 10 megacycles per

sec and so on. Frequencies also may similarly be converted into

corresponding wavelengths.

relation wavelength= * inthe case of wireless transmission
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Frequency of oscillations in each wave is very high, 10° or

more (R. F.), whereas frequencies of waves following one

go

fan ed

ofl {linn vewceene Allin... eeeee Aid
(4)

Fg, 309

another are comparatively lower—10° or less (A. F.) When

these waves are incident on the receiving circuit they produce

corresponding electric oscillations but due to the crystal one

half of oscillations is cut off so that they are now as shown in

Fig (b). The telephone is unable to respond to the separate

high frequency pulses in each half wave; these separate

pulses jointly produce the same effect as that of a unidirec-

tional varying current [ Fig. (c) ]. This varying current of

short duration, due to each wave, produces a short sound in

the telephone, 4.¢. a signal is produced in the receiving

station.

A receiving set using a crystal for detection is known as a crystal

set. Crystals used for this purpose are generally divided into two

classes :—(1) Catwhisker type, #.e. those which require a fine contact

with a metal piece and (2) Perikon type, 7.e. those which require

another crystal in contact with them. Silicon, iron pyrites, carborun-

dum, galena etc. belong to the former class and Zincite, bornite, copper

pyrites etc. are examples of the latter. Galena may be used also as a

perikon.

For crystals of the former class the nature of the metal piece is of

importance for the achievement of good results. Thus carbornndum
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and silikon work best with steel, iron pyrites with gold, galena almost

equally well with gold, copper or brass and soon, For crystals of

the latter class also suitable combinations of crystals produce best

results ; thus Zincite works best with bornite, tellurium with zincite and

SO ON.

The waves which we have discussed in

Art 235 the preceding articles are known as damped
Telegraphy waves; they are suitable for wireless tele-

graphy. Clearly intervals between succebsive

waves are the same as those between successive make \and

break of the transmitting circuit. As we have seen in the \last

article each wave produces a signal ( of very short duration )
in the receiving station. The interval between two successive

signals is therefore the same as that between make and break

of the transmitting circuit; clearly this can be easily adjusted.

We have thus a method of transmitting telegraphic message.

A short interval is technically known as a dot and a long

interval—usually three times as large as a short interval—is

what we calla dash. By combining dots with dashes various

letters of the English alphabet can be signalised. Thus in

Morse code ‘A’ is represented by .—, ‘B’ by —:*:, ‘C’ by —.—-

and so on.

Thus acrystal set can detect high frequency oscillations but

itcan in no way amplify them. Inthe next few articles we

shall see that both detection and amplification are possible by

means of triodes.*

Art 236 At the receiving station electro-magnetic

Detection waves are incident on a tuned aerial circuit

containing an inductance L and a variable condenser C

producing thereby oscillating potential difference between

the terminals ofthe inductance L. This inductance L, heing

coupled with another coil N oscillating potential difference

is produced between the terminals of N also. This is ultima-

tely applied between the grid and the filament of a valve.
sentemmmastell

« Recently another instrument known as transistor is coming into

use. Itis gradually taking the place of the valve set,
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Thus we may say that with the arrival of incoming waves an

H.M.F. Ey sin pt is applied tothe grid, This necessarily

affects the anode cnrrent, But asthe frequency i is very

high the resultant effect on

the anode current due to one

complete wave is practically

nil. To get some resultant

effect it is necessary that a L

symmetric variation of grid

voltage should produce a non-

symmetric variation of the

anode current so that the

mean value of the anode __
current when the E.M.F.

applied to the grid is present, Fig. 310

is different from that when the E.M.F. is absent. This is ;

what is known as ‘detection’ by the valve.

-slit}-Lalih—h
For the purpose of ‘detection’ a valve for

Art 237 which the bending portion of the mutual char-
Teiode as a acteristic curve is prominent, is used. A point

A' on the bending portion is taken as the

working point. Corresponding to this point a negative E.M.F.

. equal to OA [ Fig 3111 is

Lal applied to the grid by a battery
fo Fi [ Fig 310 | so that the anode

current is reduced to AA! Let

this be denoted by ao. With theMeAO Ve arrival of the incoming waves

the grid voltage changes by Vy

Fig. 311 (°Eo sin pt ) The anode

current may be represented by ‘. =gotaiVytaaVy t+... For

all practical purposes very good approximation is obtained if

we retain only the first three terms. Thus we may take

$ . TM Ao -aiVgt asVe"
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with the arrival of the incoming waves the anode current is

given by

i, = aot aK, sin pt + asKo® sin® pt

=) +41 sin pi + 4aaE,? (1 —cos 2 pt)

The current thus consists of two parts, firstly a high

frequency component a,E> sin pt —$ azEo" cos 2 pt ; this has

no resultant residue. Secondly there is the steady portion

Got ack". Of this the part ao was present when the signal

Waves were absent. Thus the net effect of a signal wave is

4 azEo*. Every time a pulse of high frequency wave is

incident on the receiving aerial there is this resulting change

in the anode current. If therefore a telephone T be included

in the anode circuit [Fig 310] a short sound is thereby

produced in the telephone. Since pulses of waves follow

one another at a rather low frequency [Fig 309 (a)] short

sounds are heard in the telephone at low frequency. As

previously discussed in Art 235 intervals between successive

sounds may be adjusted and thereby telegraphic messages

may be sent. |

It is to be noted that the resultant change in the anode

current, viz., $oa2H,” varies as the square of the E.M.F and

so the detector valve acts more efficiently if strong signals are

received. We shall see in the next article that the strength

of a signal may be amplified by a valve. This may be done

either before or after detection. When very weak signals are

received it is advantageous if they are first amplified in the

high frequency stage, #.e. before detection. After detection

they may be further amplified by successive valves; utlimately

the signal becomes so strong that a loud-speaker may be used.

We shall now discuss how a triode can

Art 238 amplify the incoming ~-signals. For this
“trootifer " purpose the valve for which the straight line

portion of the mutual characteristic curve is

prominent, is used. If B' be the centre of the straight line

portion a negative E.M.F. OB corresponding to the point

B' [Fig 312 (a'] is applied to the grid by the battery Ee (Grid
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bias battery) [Fig 312 (d)]. The anode current is therefore

B’. With the arrival of signals the grid voltage fluctuates

by an amount Vy. This change is equivalent to the change

R R

Fig. 312 (a) Fig. 312 (0) Fig- 312 (c)

uV, in the anode voltage (Art 227] where / is the voltage

amplification factor. Thusso far as changes in the anode

current are concerned we may suppose that the valve acts

as a source of fluctuating potential HV, The valve has also

an effective internal resistance R, [Art 227]. IfR be the

external resistance the whole of the anode-filament circuit

may be represented as in Fig 312 (c), AS we are concerned

only with changes in the voltage and in the current the battery

is omitted in Fig 312 (c). The change in potential “Vy,

produces a change i, in the anode current. This is given

a

R R
éV= Rt, = eR GV, where G= RHR,

Thus the fluctuating potential V, applied to the grid is

amplified to the fluctuation GV, between the terminals of R.

This is available for application to the grid of the next

valve. Gis called the gain of the amplifier for this stage.

Obviously G is less than the amplification factor F of the

valve. If R be sufficiently large G of course becomes very

much the same as #. In practice however R is made very

nearly equal to R, and in that case Gat
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Since the operating point is on the straight line portion of

the characteristic curve, clearly for equal values of Vy on

either side the anode current fluctuates by equal amounts ; or

in other words a faithful but amplified reproduction of the

grid voltage is obtained in the anode circuit.

Art 239 It is thus obvious that at least two triodes must

be used for reception of wireless waves, one for detection and

the other for amplification. These two triodes must! be

suitably connected. The simplest possible circuit is as shown

in Fig 313. Electromagnetic waves are incident on the tuned

aerial circuit containing an inductance L and a varied

condenser C. Oscillating potential difference thus generat ‘d

between the terminals of the inductance L produces corres-

ponding oscillations inthe coil N coupled with L., These

oscillations are applied to the grid of the detector valve V1.

qr Tal

V, CETTE

7 i - 5_ = >N f Re 4 _.e | |
: E 1| t

Vy

a OFC
SY

eweeneedl

oreremrnomes

eee

Fig. 313

The grid bias battery E1 suitable for this valve is also placed

in the grid circuit. As discussed in Art 237 an effective

resultant anode current of low frequency is thereby produced.

Asthis current passes through the coil Ri oscillations are

produced in the coil Ri and hence also in the coil Re coupled

with Ri; these are applied to the grid of the amplifier valve

Vs. The gtid bias battery Es suitable for this valve is also

connected as shown in Fig 313. Amplified anode currents

thus produced passthrough Rs. As Ra is coupled with Rs

oscillations are also generated in Ra. A telephone T connected
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to the terminals of Ry responds to these oscillations. As will

be seen the two valves are connected by the transformer

Ri/Re. This sort of coupling is known as transformer

coupling. There are in reality three transformers in this

circuit,—L/N, Ri/Re and Rs/Ra, Usually all of them are

step-up transformers and oscillations are magnified by them

also.

The terminals of Ry instead of being connected to the

telephone T may be connected through a suitable grid bias

battery to the grid and the filament of another amplifier valve

and further amplification may be produced. In this way. by

using a number of amplifier valves it is possible to amplify

the oscillations to any desired extent.

In actual practice oscillations generated by the incident

waves are at least once amplified in the high frequency stage.

They are then converted to low frequency by means of the

detector valve. In this low frequency stage they are again

amplified successively by two or more valves until the

oscillations are so strong that a loudspeaker may be satisfac-

torily worked.

The waves which we have so far discussed

Art 240 are damped waves. There is an interval

Telephony between two successive waves and naturally

there is a corresponding interval between two

sounds in the telephone produced by these waves. Such

waves are suitable for wireless telegraphy but not at all

suitable for transmission of speech or music. For this latter

purpose we require continuous waves. Speech or music

produces waves in air; they can be converted into electric

oscillations, But sound waves being of low frequency electric

oscillations produced thereby are also of low frequency. Very

little energy can be transmitted into space as electromagnetic

waves by such low frequency oscillations. Sound therefore

cannot directly be converted into electromagnetic waves.

A high frequency continuous wave—known as a carrier

wave'—is therefore first generated at the transmitting station.
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We shall see in the next few articles that sound waves modify

this carrier Wave and the modified carrier wave is received at

the receiving station and sound is reproduced there.

This carrier wave, #. ¢e high frequency

Art 241 electromagnetic wave can be generated by a
Triode as an . 1
oscillator triode. A pendulum may be set swinging by

giving a blow to the bob. But due to air

resistance and friction the swing gradually dies down and the

pendulum ultimately comes torest. The swinging howevér

may be maintained indefinitely if suitable blows are given t

the bob at the end of each oscillation, s. ¢e. if suitabl

‘energy be supplied to the pendulum from an external

source to make up for the loss. In a similar way in

an electric circuit electric oscillations may be generated

in a variety of ways. Such oscillations may be represented by

_ Ri

t=15 € L sin Wie where R, L, C and ¢ have their usual

meanings. In an electric circuit R may be kept small but can

never be made absolutely zero. The oscillation therefore

_Rt

dies down because of the factor e L . As will be seen below
with the help of a triode valve it can be so arranged that the

oscillation generates another E. M. F. by which the effect of

the resistance R is annulled. Land N are two inductances

A coupled with each other with

mutual inductance M. Cisa

variable condenser. Electric

oscillations are somehow

generated in the L - C circuit.

Due to these oscillations the

grid voltage fluctuates. Small

changes in the grid potential

cause large changes in the

anode current. As the coil N

is cotmected to the anode through a condenser, by means of

Fig. 814
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the mutual inductance M a little of the energy of the anode

circuit is fed back to the grid circuit so as to make up for the

loss of the energy lost in the resistance R. This is equivalent

® . M .
to reducing the resistance by- AR where p isthe voltage amplt-

a

fication factor and R, is the anode slope resistance of the

valve. The coupling between L and N is such, ¢. e. the value

of M is so adjusted that the resistance R is exactly equal to

M ; :
Gao and is therefore reduced to zero. In the L-C circuit

a

the current 7 therefore becomes 17 sins o The time decay
]

factor having thus completely disappeared it follows that

electric oscillations once set up in the circuit continue with a

constant amplitude, #. ¢ the valve acts as a producer of

I .

electric oscillations of frequency-——;——. By varying L and

C any desired frequency—as high as is necessary—may be

produced. If the inductance N be connected to the aerial as

shown in Fig 314 high frequency continuous electromagnetic

waves may be transmitted into space.

Art 242 We have stated earlier that for the purpose

Modulation of wireless telephony a continuous high

frequency carrier wave is modified by a low frequency audio

wave. The way how this is done is shown in Fig 315.

A.ch

Fok

Fig. 815
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The microphone M, is connected through the microphone

transmitter T to the grid of the modulating valve M. O is the

main oscillating valve (oscillator) which produces high fre-

quency continuous waves. The anodes of the two valves M

-—=—as -_ a |

ro am ot em oe ae ee we

Ty

and O are connected to a common high tension supply (H.7T.)

‘with which an iron cored choke coil F. ch. is placed in series.
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When sound waves of frequency w are incident on the micro-

phone voltage variations are set up in the grid circuit of M

andthesecause the anode current of M to fluctuate at the same

frequency. Now the presence of the choke coil F. ch. in

series with H. T. supply makes the current in the high tension

circuit (AB) constant. Since this current is equal to the sum

of currents flowing to the anodes of the valves O and M it

follows that the sum of these two latter currents remains

constant. Hence when the anode current in the valve M is

caused to fluctuate at the frequency w the supply of current

to the valve O must also fluctuate at the same frequency. This

fluctuation of the anode current in O causes variation of the

amplitude of high frequency oscillations produced by the

oscillating valve O and thus produces the desired modulation.

In order that the high frequency oscillation produced in O is

not transmitted to the valve M an air-cored choke (A. ch) is

inserted as shown in the diagram. Since the impedance of a

choke depends on the frequency of the current the air choke

(A. ch.) effectively prevents the transmission of the high

frequency oscillation to M but allows practically free passage

to low frequency oscillations (generated in M) going to O.

hus the carrier wave is modified. If the carrier wave [Fig

316 (a)] is represented by E, sin pt the modified wave [Fig 316

(c)] isrepresented by E, (i+ msin wt) sin pt, The quantity m

represents the magnitude of the modulation effect and when

expressed as percentage it is known as the percentage

modulation.

Art 243 We have seen in Art 237 that if the

Receptionof characteristic of a detector valve be given by

modulated wave $m ado tas Vy taaVy? and if avoltage Eo sin pt

be applied to the grid the resulting change in the anode

current is equal to} a2 Eo%. When a modulated wave

Ey (1-tm sin wt) sin pt is received by the aerial the constant

amplitude Ko is replaced by Eo (L+m sin wt), Hence the

change in the anode current is % a2 Eo? (1+m sin wt)?=
2

tas K,2(1+3 m sin we + _ 7 cos2wt). The varying portion
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2

of this change is evidently 4 az Ko? (2m sin wt— > cos 2 wt).

The first term viz. 4 a2Ho?.2m sin wt is of frequency w. ‘The

telephone (or louspeaker) placed in the anode circuit traversed

by this current responds to the frequency w. This being

of the same frequency as that originally impressed on

the carrier wave atthe transmitting station the original

sound is reproduced. There is however the second

2

produces an octave of the original sound. This is howev

not usually of much importance; for, in the ultimate analysis

of a complex note there are usually octave components and \
the introduction of an extra double frequency component

does not matter much. As this second term— distortion term,

as it is called—contains square of the modulation factor m its

effect can be minimised by making m rather small. Usually

itis never greater than 60%.

2

term $ asKo* cos 2 wt of frequency 2w. This vowed

e

Exercise XXII

1. What is an electromagnetic wave and why is it so

called ? Explain briefly how it can be produced.

9. Discuss briefly the prinoiple of reception of wireless.

signals by an electric oircuit.

3. Write short notes on Thermionic valves.

C. U. 1941, 1946

4, What is a diode valve and explain bow it oan rectify

alternating current. What is meant by (a) Half wave rectifi-

tion. (b) Fall wave reotitication. Explain what modification is.

necessary in a simple diode valve to obtain Full wave

rectification.

5. What is a triode valve and why is it so called ? How

oan it be used for rectifying oscillations ?

6. What is meant by the characteristic curve of a triode

valve ? Discuss its importance in (a) rectifying and (b) amplify-

ing electric oscillations.
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C U. Question

1958. Write short notes on “A simple receiving circuit for-

radio signals.”

1959. Give the construction of a Diode. Explain and show

by means of a simple diagram how diode can be used for ful

wave rectification. .

1960. Write notes on "A triode valve and its applioations”.

1963. What do you mean by a thermionic valve ? Describe

@ triode and briefly explain its reotifying and amplifying

properties.

1963. (T.Y.D.) Describe the construction of a triode valve.

Explain qualitatively how such ao valve oan be used as a.

voltage multiplier. Define the constants of a valve and show

how these are inter-related.

1964. (1) Describe the construction of a triode valve.

Define the valve constants.

Show the nature of plate voltage—plate current curves.

under static conditions.

(2) Write short notes on “Elements of a simple radio.

receiver.

1965. What do you understand by the term ‘Detection of

electromagnetic waves’? Explain the working of a diode as 6

detector.

1966. (Old) (1) What do you mean by thermo-ionic

emission ? Describe a triode valve. How can you determine

its amplification factor ? Give details,

(2) Write short notes on ‘Radio antenna.’

1966 (Revised). Describe the construction of a triode valve.

Define the constants of a triode valve and show how these are.

inter-related.

The anode alope resistance is 20,000 ohms and its amplifica-

tion factor is 80. Find its mutual condactance.

1967. Describe the construction of s diode valve. How

would you proceed to obtain its characteristic curve ? Explain.

with diagrams how a diode can be used as a detector.



CHAPTER XXIII

MODERN TOPICS

Art 244 Faraday had Jong ago suspected that there

Faraday effect is some intimate connection between Light

and Magnetism. But having no very powerful electro-magnet

at his disposal he could not proceed very far. One effect

however he discovered and that is now known as Faradby
effect.

A block G of dense glass is placed between the poles of ah
electromagnet and by boring holes through the pole pieces a

ray of light is made to pass through the block along the lines,

of force. The ray is polarised by the polarising Nicol P and

is analysed by the P = C /— A

analvsing Nicol A, jp ;

Before switching on -E-<t-% — NO
the electromagnet the

analyser and the

polariser are adjusted

until they are crossed L ,

so that light is

completely quenched Fig. 317

by the analyser. It was noticed by Faraday that as soon as the

electromagnet is switched on light re-appears in the analyser.

By rotating the analyser light can again be extinguished. This

shows that the plane of polarisation of the beam passing

through the glass bicck is rotated by the magnetic feld. It

was gradually observed that this Faraday effect is not peculiar

to glass alone; various substances such as quatz, methyl

alcohol, water etc. exhibit this phenomenon.

The rotation of the plane of polarisation was studied

extensively by Verdet for different substances and for different

wavelengths of light. It was found by him that the angle of

-rotation is given by

p* ays
§ = se = we +KLH r (+ r a)
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where L is the length of the substance (along the field), A

the wavelength, yw the refractive index of the substance and K

a constant depending upon the nature of the substance. The

ratio LH t,é. the rotation produced bya unit field when a

unit distance is traversed by the ray of light, is now known as

Verdet’s constant for the substance used.

It is wellknown that the plane of polarisation of a plane

polarised beam is rotated when the beam is passed through

various Optically active substances. This rotation is however

different from that by a magnetic field in one important

respect. In the case of optically active substances the

totation depends in some way upon the arrangement of

molecules in the substance. Hence if on emergence the beam

is reflected back on its own path so that the beam traverses

the substance twice, once in each direction, the rotation

produced in the two cases are equal but oppostte on direction :

the resultant rotation is therefore nil. On the other hand

in the case of the magnetic field the direction of rotation

depends upon that of the magnetic field. Thus if the beam of

light passing through the substance along the magnetic

field be reflected back on its own path the rotations produced

in the two cases are both in the same direction ; the resultant

rotation is therefore doubled.

Art 245 As early as the year 1870 Faraday had the

Zeeman effect prophetic vision that spectral lines emitted by

a substance can be modified by a powerful magnetic field. He

could not however discover this effect. We now know that he

was unsuccessful only because he had not a powerful electro-

magnet at his disposal. In the year 1896 Zeeman discovered

the effect long sought for by Faraday. A Bunsen burner

fed with sodium salt is placed between the pole pieces of a

powerful electromagnet. Light emitted by the sodium vapour

is analysed by a spectroscope of high resolving power.

Obviously ligkt may be received by the spectroscope quite

H.M. 31
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easily in a direction perpendicular to the magnetic field. In

order that light from the Bunsen

_~EYN C | burner may also be received by
- ) the spectroscope in the direction

of the magnetic field, holes are

bored in the polepieces along the

magnetic field. Thus light is

analysed both along the magnetic

\ ; J field and also in a direction perpeh-

dicular to the magnetic field. As t

well known sodium light consis

of two close lines Di: and Da of wavelengths 5890 an

5896 Angstrom units. When the electromagnet is not switched\

on, in both cases the usual D1 and Da lines appear in their

proper places. When however the electromagnet is switched

on a curious phenomenon is observed. When light is analysed

in the direction perpendicular to the magnetic field, each of

Di and Dz lines is found to be split tp into three lines; the

middle one is in the same position as the original Di or De

line and two other lines appear at short but equal distances

on two sides of the central line. And what is more curious—

all the three lines are found to be plane polarised. But they

are not polarised in the same plane ; the direction of vibration

of the central line is parallel to the magnetic field but that of

the outer lines is perpendicular to this.

Fig. 318

When however lightis analysed along the magnetic field

each of D1 and Ds lines is observed to be split up into two

lines (and not three as in the former case)—these two lines

being in the same positions as the outer lires in the former

case. The lines however are now found to be both circularly

polarised—one right handed and the otherteft handed.

_ This phenomenon now known as Zeeman effect is

- apparently very surprising. In 1900 Lorentz offered an

"- explanation of this on the classical theory. But gradually

more complex phenomena were discovered in the case of

many other substances and the classical theory failed to.
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explain them. The correct explanation of all these phenomena

is based on Quantum theory.

Art 246 As early as the year 1887 Hertz found

Photo- that in a vacuum tube even it the potential
electricity

difference between the electrodes be quite

small, a discharge passes if the cathode be exposed to ultra-

violet light. In 1888 Hallwachs discovered that when

ultraviolet light is incident on an insulated zinc sheet the sheet

gradually acquires positive charge. If the sheet be initially

negatively charged, with the incidence of ultraviolet light the

sheet gradually loses its negative charge and ultimately

becomes positively charged. On the other hand if the sheet be

originally positively charged no change is observed.

These phenomena are not peculiar to zinc alone. Almost

all metals exhibit these phenomena when ultraviolet light is

incident onthem. Inthe case of alkaly metals even visible

light produces the same effect. All these phenomena have

been correctly explained on the hypothesis that negatively

charged particles of electrons come out of the metallic surface

when light is incident on it. For a good many years the

correct relation between the velocity & number of electrons

on one hand and the wavelength & intensity of the incident

light on the other, could not be correctly established. It

was of course obvious that electrons in the atoms of the

metallic surface somehow absorb energy from the incident

beam and come out with a certain velocity. On this view the

velocity should depend on the energy of the incident beam.

Now according to the wave theory the energy of a beam of

ight depends on the intensity. It was accordingly expected

that with the increase of the intensity the emissive velocity

of electrons would also increase. But such was not found to

be the case. Rather the velocity seemed to depend not on the

intensity but on the frequency of the incident beam. Experi-

ments conducted during these years by different scientists

often contradicted one another and nothing was decisive;

everything seemed to be in the melting pot.
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At lJastin the year 1905 Hinstein published what is now

regarded as the famous photo-electric equation. It has been

stated in Art 199 that in order to explain black body radiation

Planck had put forward the hypothesis that energy is emitted

not continuously but in bundles of energy or quanta. Einstein

took up this idea and went one step further; he boldly

asserted that energv is also absorbed not continuously but in

quanta, each quantum being nothing but a bundle of energy

hv, where vis the frequency and hk is Planck's constant.

Planck’s hypothesis shook the very foundation of the wave

theory of Light and Hinstein’s equation practically gave a

death blow* to it. If atthe start energy is emitted discohti-

nuously in bundles of energy or quanta as stated by Planck

and at the end also if it is absorbed discontinuously as

asserted by Einstein, are there any valid reasons to suppose

that iu the intermediate stage, ¢. e. the stage between emission

and absorption energy is propagated continuously as waves ?

Obviously the answer is in the negative. The only conclusion

possible is therefore that throughout its career light consists

of bundles of energy or quanta Each quantum is also called

a photon. Thus according to this theory—Quantum theory —

light is nothing but a stream§ of photons.

Since one quantum of energy (or photon) is equal to hy

Einstein supposed that either the whole of hv is absorbed

or none at all. According to Kinstein when this energy hy is

ahsorbed, a portion P is speutin detaching an electron from

its parent atom andthe remaining portion, viz. hv-P is

* The wave theory of light still held its ground because it success-

fully explained all phenomena in connection with Interference,

Diffraction and Polarisation. Although the quantum theory could

explain quite satisfactorily Photo-electric effect and other such

phenomena, it could not explain Interference; Diffraction and Polari-

sation. Thus apparently there were two theories, each theory explain-

ing one group of phenomena but not the other. From the year 1926

however attempts have been made fairly satisfactorily to unify these

two rival theories into one theory. Vide Optics by D. P. Acharya.

§ It will be seen that the old corpuscular theory of Newton is thus

revived in a modified form in the quantum theory,
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utilised in creating the kinetic energy of the electron. P is

obviously a constant depending on the nature of the metal.

Thus if m be the mass of the electron and » the velocity with

which the electron comes out of the metal surface, its kinetic

energy is $mo*. Hence hy-P=4$mv?.

This is the famous photo-electric equation of Einstein. It

should be remembered that at the time when this equation

was published there was not an iota of evidence in its support.

It was only the prophetic vision of the great scientist Albert

Kinstein- the greatest scientist of modern age—that could

predict this famous relation. Even after this equation was

published for a number of years it could neither be proved

nor disproved by experiments—experimentai difficulties were

so great. AtJast seven years later in the year 1912 the

famous experimental physicist Millikan of America—the king

of experimenters—overcame all difficulties and definitely

established the correctness of this equation. From his

experiments he found out the value of Panck’s constant h

and this also agreed with the value already found out from

experiments on black body radiation.

If the constant P be replaced by hyp where % 18 a new

constant depending on the nature of the metal the equation

takes the shape A(y—vo) =4mv*. Obviously »v cannot be less

than vo as otherwise y- ¥9 becomes negative and » becomes

imaginary, #e. electrons do not come ont of the metal when

y is less than Y. % is called the threshold frequency for

the metal. Thus we have the following laws for Photo-

electric emission ‘—

(1) The velocity of the electrons which come out of the

metal surface is independent of the intensity of the incident

beam. ‘The number of electrons is however proportional to

the intensity.

(2) The velocity depends on the frequency of the incident

beam. The relation between the square of the velocity and

the frequency is linear.

(3) For every metal there is a threshold frequency and
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frequency of the incident beam must be greater than the

threshold frequency ; otherwise electrons are not emitted.

For alkaly metals the threshold frequency lies in the

visible region. This is why electrons are emitted from alkaly

metals even when visible light is incident on them.

Art 247 The phenomenon of photo-electric emission

Photo-electric has been utilised in many ways the most

important of which is perhaps the construction

of photo-electric cells or Photo-cells. A thin film of an alkaly

compound—usually caesium oxide— is deposited on the inner

side of a non conducting surface bent in the form of one half

of a hollow cylinder. A metal rod R (known as collector)\ is

placed along the axis of the cylinder and a fairly high poten-

tial difference is applied between the collector R and the

inside coating C of the alkaly compound deposited on the

cylindrical surface, the collector being positive with respect

to the alkaly coating. The whole thing is enclosed in a glass

envelope. The entire thing _ eM

is known as a photo-elec-

tric cell or a photo cell.

When a beam of light is

incident on the metallic

coating,. electrons—these

are sometimes called photo-

electrons—come out and

due to the electric field

they are drawn towards the Fig. 319

collector R. If a circuit be completed as shown in the

diagram a negative current flows in the circuit in the direction

from C to R; this is equivalent to a positive current in the

opposite direction. If a galvanometer G be included in the

circuit a deflection is produced therein. If the incident light

be of varying intensity the strength of the current also

becomes correspondingly variable.

Photo-cells are generally completely exhausted. But in

* some cases they are filled with some inert gas, such as argon.
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The photo electrons while travelling towards the collector

collide with argon atoms and dislodge electrons from

them. These electrons dislodged from argon atoms are also

drawn towards the collector. The positively charged ionised

argon atoms also move towards the alkaly coating thus

producing a positive current from RtoC. Thus total current

generated in the photo cell is increased 10 to 100 times the

initial photo current.

In talkies a picture film and the corresponding sound film

are placed side by side. When a beam of light passes through

both portions light passing through the picture film

produces the picture on the screen in the usual way by a

magic lantern. The other portion which passes through the

sound film, is made to be incident on a photo-electric cell.

The transparency of the sound film in different portions

depends upon the sound originally produced during the

production of the talky film. Light which passes through the

sound film becomes therefore of varying intensity, the varia-

tion corresponding to the original sound. A cuirent of

correspondingly varying strength is thus produced in the

photo-cell circuit. If, instead of a galvanometer, a loudspeaker

be placed in the circuit sound is exactly reproduced.

Photo cells are often used inthe construction of what is

known as ‘‘Burglar’s Alarm.” A beam of light incident on a

photo cell isso arranged that a burglar approaching a door

way intercepts the beam. The sudden decrease in photo

current may be used to start a current (in a separate circuit)

which rings an alarm.

In the manufacture or processing of materials photo cells

are sometimes used to detect imperfect articles and to actuate

mechanisms which reject them. The speed and accuracy

with which this may be done are far greater than what is

possible by human agency.

Exercise XXIII

1. What is Faraday effect with regard to a plane polarised

beam of light passing through the pole pieces of ap electro-
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magnet slong the lines of force ? In what way is the rotation

ofthe plane of polarisation produced in the beam of light

different from the rotation produced by an optically sctive

substance ?

2. Describe fully the phenomena known as Zeeman effect

when a source of Na light is placed between the pole pieces of

an electromagnet.

3. What is photo-clectricity ? Explain how Einstein

explained this with the help of his now famous photo-electric

equation.

4. Explain bow photo-slectricity has been utilised fo

reproduce sound in cinema films.

C. U. Questions

1963’ Write short notes on Faraday effect.

1958, 1960, 1961. Write short notes on Photoelectric cell

and its applications.
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APPENDIX B

In modern engineering the units of length, mass and time

are taken to be a Metre, Kilogram and a Second. And the

fundamental unit in Electricity & Magnetism is taken to be

that of current, viz. Ampere. This system is therefore known

as MKSA system.

In this system the unit of force is one Newton. iis
defined to be that force which produces an acceleration! of

1 metre per sec? ina mass of 1 kilogram. Thus 1 Newton|=
1kgx1 metre/sec?=10° gm cm/sec’=10° dynes. Unit of

energy is one Joule which is equal to 1 Newton x 1 metre= 10’

dyne cm=10" ergs.

The ampere ts defined to be that current which when

present in two parallel straight wires of infinite length and

of negligible cross-section, placed at the distance of I metre

apart, produces a force of 2% {077 newton (per unit length 4.¢,

per metre), Starting with this definition of unit current we

may define units of all other electric and magnetic quantities.

It will be seen that all these units are the same as practical

units defined in the ordinary way.

The two fundamental equations in EHlectrostatics and

: = 102 = mmaMagnetism are now (1) F Anke? 204 (2) F iran where i

and /# are respectively called electric and magnetic permittivity

of the medium.

As a result of this modification Gauss’s theorem in

Electrostatics is modified as follows ‘-—

The total normal induction over a closed surface is equal

to the total charge inside the surface.
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