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OSCILLATIONS AND WAVES

Oscillations and vibrations play a more significant role in our lives than we realize. When you strike a
bell, the metal vibrates, creating a sound wave. All musical mstruments are based on some method 1o
force the air around the instrument to oscillate. Oscillations from the swing of & pendulum in a clock
to the vibrations of a quartz crystal are used as iming devices. When vou heal a substance, soine of
the energy you supply goes mto oscillafions of the atoms. Maost forms of wave motion involve the
oscillatory motion of the substance through which the wave 1s moving. Despite the enormous variety
of systems that oscillate, they have many features in common with the simple system of a mass on a
sprng. The harmonic oscillators have ¢ qna!pg:rgn many other fields, mechameal example of a
weight on a spring, oscillations of lﬁqﬁtrﬂmmﬁa& -fa‘éurth in an electrical circuit, vibrations of
a tumn ng fork, vibrations of :]e-::ang‘h mﬁ'.u.n &tq:m E:i:aﬁt:%I% waves, oscillation of electrons m oan

antenna eic., 4 = ; ﬂ!‘."'
PERIODIC MOTION 4
— |1]Fl’ﬁ?~.‘ —

If we observe the motion of the Egndﬂumqnf-&futmkp ug,a eylinder of an engine, we find that
same motion along the :-aimg_palh: i 'rfpcamd,agam afln:i "-E ﬂ.ﬁlﬂ‘.-.i'."q intervals of time. Such a
type of motion is calltﬂ i ﬂﬁnﬂlﬁﬁ Wion- df:f' ed A5 o .r!lf i I[.i'l.r wliiuh ﬁw{t desoribes the same

patly in the scame H{F}’f!ﬁ"ﬂ W{ 1 i ecpvcal | I""_E'If |l[ ( |'

1]
Simple harmonic rpﬁh;d}n’ Es&ﬁl _Erd.ﬂa ﬂa,r case Q l:_}dl# 'Illlﬂﬂaumlh.nd 15, rﬁqmt fundamental type of
periodic mation having singfeperi 1,& "i:h\pﬂﬁ"hany:,nfc rﬂ-&’ﬂm cau,-—ﬁq: linear and angular. In

oeneral we can :@im simple hwmuc\%»mn G a i uﬁmﬁ the acceleration of the beddy is
civectly pf'r.ymr.':umﬂ-frrrﬁ d.l'g:.'-a'm*t'u.rﬂr ?)lﬁ\ﬂ:' et ol _#E'm‘srz_i}"v Fected fowards the fixed

poin, " .

1 } 'T.': ﬂ T a v JI0
| o L ¥ | Wi - A
| i [ | \
Charactenstics of a Sim)| ) AN LY QT G

1. The motion should ﬂml]'ﬂlé;'l]"]'[ OF TECHNOLOGY

2. When dlsplnwd"fn.'lm TI:EEEE‘I pn&ﬂ:{u‘!,_; -:}nnr.r._ﬁ}tp:}_tcm:lmﬁ_ to bring it to the mean position
and dtrﬂclhd{atﬁﬂr:ip 1hé nm,bu tion must act an thebpdy,, T If Il

3. The restoring force should badlrﬁ:ﬂy proportional to the displacement of the body from its
mhedan ‘F!II:ISHIICII‘.I.

For a SHM Restoring foree o — displacement
F=-kx
Here k iz the proportionality constant known as spring constant. It represents the amount of restoring
force produced per unit elongation and 15 a relative measure of stiffness of the material,
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Here w, is anguler velocity = 2.x.f

. 10 Ifrl';
- is the natural lre-@ﬂcyr \ - ,—{f‘}
\ ‘2r Ym &
& QM T 757,
The Solution is of the form x[’t}?.ﬁm&ﬁt+ﬂmf f ﬂ‘..

A,
-'".i_'-. ;

sqian | klngmnni'lp be elastic. At the fower
55 of E:e 'qﬁ’\g 15 Mgmd When the body is
u roves SH;H When there are no
.ﬂsciﬁ‘ﬁ ns. 'I"ﬁbj;uas_i, oscillates with its natural

We consider & rnecham::ah wrm;:- hi
end of the &pnn&!ﬁ% nf.n'!,ﬁsq m i
pulled down by a Eertin, disiance X
external forces, the im:ilrnthns k _"

frequency ¢

MASS SUSPEN

%, — o
For a hght spiral bpﬂnLlﬂ]ln the clustl W tcnmmﬂng 15 proporional w the

extension of the spnng bwd Ats I:?Jgtmuhﬂs ke's !a'ﬁ"—'. _[..;

)
Fig (1.1) shows a Lpnngﬂﬂ E‘_J-"i'.l:l.h d from uﬂ'rﬁit :i"l':ﬁ." I'F‘.E’TFIEH M is attached to its free

end B, it will be stretched Hodniverd 2hE ﬂiﬁﬁiﬂhﬂiﬁhﬂﬁy by f that 15 BC={ Due fo the
increase in the lengthept the. spring the force exered by the spring on the inass, according to Hooke's
law, will be given h.j.!-g}f whhfeal 15 the[p qu‘h’ti’l ' f-é?::nﬂa.ntr.md Efl'ﬂi’l.lp-l}r'l the material and
size of the spring m‘ui_imlaﬁm{hi- tnhﬁmjl Fin Ihtljﬁif =t dﬁti I
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Fig (1.1)
g, TO IH;
The constant & is known as sprin ge@ ﬂ;sf"ﬁ'e,m rsimply foree constant.
o 1'5,::
I'=mg=£kI B - o

T Ui i i qmalldqsmmtx{l?ﬂ X, making
the total increase in the [m&th by EE_};;IZI lﬁmmﬂmw j & w;[l be proportional to (x+1)1.e

e i (= __-' 1 .--""_- !
g 2o I, eeril |. o A 4 ;
[ | L | 1Y
Therefore the maﬁtg]} .ﬂm:z ﬂgl‘i?ﬂ on the mass w ét e T- T?'p[mgT' Eﬂu have resultant force
on the mass. | | ‘I — \ “,
J’ e | I ’_“::-"‘I i
Femg=T"=k~§ -l-,-"ﬂﬂr.l"i'" ||'1 U | .| 5 fﬁ \
h_—l JL *‘lll' J—* .-J'jl AL ot :_"I I|
Theretore ucntl:rpnﬁﬂ:'uf the mass — Fﬂr\bﬁ’ masg— -k jn L e S 4—_

In the above E:quaimn'h*m 15 l;r:rns;am ]mnce‘%?ﬁyanﬂn of le'.ltﬁS‘E prf:npmumal Lo IS

displacement and is dsrecp_e_;l t::-ward tien.C -
BRI,

Thus the mass will E:m:utwﬂ hi'-'ri Llh':L{Hiﬂm] From eqguation (3)
kfm = accelerati nm’}: = aﬂceleratmn p}frg;:lgt ?EPIEQEEHIHDLDMY

.

Mow the time pmﬁﬂf%]—{ﬂ :} ﬂcq-ndi mﬁEQQﬁLMTb} P *., L:‘ =J. ,| i I '|

T - =gl o U U

"E

Since mg = & we have & = mg/ and substituting this value of k in equation {4) we have
= EIJI
¥
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VIBRATION OF SPRING MASS SYSTEM WHEN TWO OR MORE SPRINGS ARE LSED

A} Springs in series

In case if the mass is connected to a spring which consists of two different springs of different
stiftness factor, the time period can be calculated as below

Let the stilTness Tactor of spring 8, and 5 be kyand k> respectively and he increase in the length of
the spring 8, be x; and that of 8; bex; I % is the total increase in the length of the spring system
because of mass m as shown in the figure {1.2).

~T{) THE .

I| .f: ) : I' | ) | 1
I =, S BEUEY S
Mow the same t!-'e-'@h'l_:iﬂses the slongatioh in ea‘:-ch gpﬁiig -
= h S | —
i N .

Therefore, mg=k; x;and also Mz =k; x3 ="

'-.'-\_-j ":I |I.-..'- -:;.II I-. " L ._.'u..' |. [ -..I.. i_':
N d N W AT ];J"' N ][ L N [ |
. . JINSTITUTE OF TECHNOLOGY

If ke, is the equivalent stiffness factor of the combination we have,

i O

Or %= = and xy==—

M= kg X or === | 1§ ()] [] | ~-_!!|_ : e . U

Substituting the values of x, %, and x; in eguation (1) we have

_=—+—m_=—. pr—

From eguation (2) we can say in general, if a number of spnngs of different stiffness are connected in
series the multi spring system can be regarded as consisting of single spring of equivalent stiffness
factor,
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Consider two springs 5, and 5; as M,m ([q*—ﬁ];,[;%fcﬁi‘pmad in parallel. Each spring wall share
the total load and will have wquagﬂmﬁuﬁn sy :F_Jlf ﬁspze stilTness factors for springs 5; and
5z and k be the equivalent stiffness fahtgrlﬁf’ﬂ‘te £ ‘l;tﬁ)n -2

LH,_?.;* B
Total restoring force = mg= x_-:.'l M%l},_.l

L L |

Restoring force in SP"F{SE"EJ,_!;‘ [, r e i ‘_‘,;TMII

Restoring force mjj?:ifﬁﬁﬁ-ﬁzﬂ i) ek }IJ)\] ' [ l-’ |\ Ifh‘l.
Now the total resmn'ﬁ,gjfu@ﬂ"ﬁ

ﬁn g8 ﬁtﬁiﬂjﬁtﬁfmﬂ.ﬁl n spring Sz
I

ﬁf’ i
Thus if a number of ﬂprifjarﬁ:#{-rm }Pyarﬁﬁel ﬁe m‘j}ﬂpqis Iem factor is the sum of

individual st ffress factor—

INSTITUTE OF TECHNOLOGY
FREE Emmngﬁ

-
¥

IF we abserve '[IWIL ETF :th ﬁﬂp}f tl:l}LrIL;h.J#qu fl'_hE 'lﬂm"lhi:'ﬂmdq] 1|'r'h~:n let free vibrates

f : 1
with a fixed time per mu:l =27 |- or WJTJ'! a frequency n= = L:f

& e )

O b

This frequency is called the natoral frequency of the pendulum. The pendulum whenever set to
vibrate freely without any resistance; it will always vibrate with same frequency given by the above
refation.

The frequency with which a body vibrates freely ai fis own ix called its matural frequency.

Free vibrations can be defined as e vibrations in which the body vibrates with s own natural
Sreurency when left free lo tiself,
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DAMPED OSCILLATIONS: A bodyv executing vibrations the amplitude keeps on decreasing
because of frctional resistance to the motion and hence the vibratons die out after some time, The

motion 15 said to be damped by frction and s called damped oscillations.

The resisting frictional force 15 propontional 10 the velocity of the body,

EXPRESSION FOR TIME PERIOD AND AMPLITUDE OF DAMPED VIBRATIONS
The damped system is subjected to

(i) A restoring force which is proportional to displacement but oppositely directed This is
written as -y, where i is a constant of proportionality or force constant,
it} A factional force pTDﬂDﬂ]ﬂ!?Uﬁ'@-’gdiﬁ En ositelv directed. This may be written as -

r—where r is the fTicti er uni vgﬂﬂ-r:tﬁp
LISLIEY £
Since force = mass» ;ECELET@ﬂEH '5‘ ’f i "E"
Therefore the equah -:m trf' E-Ti:&gfva
=
= _FJ',,-"_ '-..—_ e —
?—;.fft_ Il | ,_J-r_% AN
Ot =gt _l:'*ﬂﬂ ,-I S [" h._-—_:.__l. |
et ¥ i . "'._.' F ] -:\"-
)/ .; ,J] NY/ -Ji'. ‘ || ¢ NCL
' = \ )
or —+~ ‘ —'F'l-lari"}r" R TI o TR { ‘I = "?I
= ™, |
f | ll ||:|| | | |_-| f :| |I ; ::."ll'. l-
=£,.- F \ Nl .|- ||._ _._.-._I ..'q._ e
where mIL :h m&ﬂ{m— I.F w1 l..;::ll.-';'_l' Iﬁ- !:..I“II
I:.qua.hﬁnLl_ 1}is a dlﬂ'mn'lﬁ]'tqn.@uﬂn nﬁ,ﬁ/nﬂ I:Er:grp& Letits mlu’hﬂn be
= ] S “ -s'“""

y= ,qE.'" '.;*“?.|*~\‘H L P r*l* (ﬁ'} 'l“ \ - —[--;
- !
Where A and & aE’E.t[!HIf‘ ‘tﬂL“fﬂ.ﬂ" VIQIE AN

Differentiating Eﬁﬁﬁa{l{ ﬂ}%ﬂmhﬂ Tfepdy) U

a-

.
i

4o .."'Q' “@ﬂ““ !J O T es.ln

dt
Substituting these values in edq (1] we have

Aae™ +2bAm e 4" 4™ =0
Or Ac™ (a'+2batw’ =0
As A4e™'#), therefore a’+2bata’=0

This gives o= —biﬂlli.!:’ —w i

The general solution of eq{1) is given by

v=A expl—h+fiB =) 1+ 4, exp[=b—=J(B =W ) o3
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Where 4 and A, are arbitrary constants

Depending upon the relative values of b and w following three cases are possible.
Case 1: When b* > w

In thiz case ..r‘{bi—-rrl‘.n is real and less than b. Now the powers —dv+.,,‘f.’:’--1r1;| and

—h—af(B° —w") are both negative. Thus the displacement y consists of two terms, both dying off
exponentially to zero without performing any oscillations as shown in the figure. The rate of decrease

of displacement 15 govemned by the term —~E:-+.,r‘[.’:l —w") ¢ as the other term reduced to zero quickly

relative to 1t. This tvpe of motion 15 n:qf Mﬂ}k deaed beat. This type of motion is shown
by a pendulum moving in thick ﬂll@ ad‘é‘ad@;mi;w g?p:;ﬂ galvanometer,

'- 'l‘"‘ .-'—' I_l—\-\.‘l'l\-
Case 1l: When b = w . 5 ;“flE ‘l‘fff’ '-‘r'
S g Vo

IWwe put = w? in wauation (F); the __ 5

dnes ot satisfy the eq (1). Let us consider

Y gl
Now eq. (3) n:duur({g_/l 1.&!’:::14[{ -:*.i|+.i:}.r*

.-"..'-.-."' ! l II |

DRk |

.Ijl '_._—__.'__."' '|I|:'|ll'll x"-\___l._,-'-"- l.,ljlllil :_I%;’ 'J|

i - = — e
£ || | f._ﬁ_r_% L
JIB —w?) isnot z:r.*rql:utihis I'qu 1tuﬂ#T' ll quglllu IMnr {:‘f— ) =h
i

rﬁa_ iﬁ‘i'k;; ti? l”‘imﬂ 4 )

Where p= (4, +4,) and qmgy‘i@m OF TECHNOLOGY

I is clear from ﬁh‘bﬁ ﬂm[‘as Ljnﬂﬂdséf h!tl: FMJ‘L{E*W} mtrrﬁséshut IIIJ; chhl:-r e decreases In
this case the paﬂlclc tends to u.v:,qmrn-_tﬁ ;:H:rslhun -;:-f nqu:]lbnurn mul;,h Tl.'ll':ll.‘:: rapidly than case I, Such
a mogion is called Critical damped motion. This type of motion is exhibited by many pointer

instruments such as voltmeter, ammeter etc. in which the pointer moves to the correct position and
comes 1o rest without any oscillation.

Case 11 When =W

In this case Jib" =) is imaginary Let us write JihT =w?) =i J(w’ =h) =if
Where = f{w* —b") andi= T
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Then eq (3) becomes y = A exp[(—h +iBW + 4, exp[(-h—if)r
= [4e™ + Ae™™]
=" [A, [cos Bt +isin fir)+ A, (cos Mt —isin )]
=" [( 4, 4+ .4, cos Bi +i( 4, — 4,)sinfr]

=¢™" [asingcos Fr +acosgsingi]

ll{l‘""l‘l‘l‘ Fhd EEE e PR R {5}
e

pﬂmde .c.-e""' and time period

\r Q( ﬁ
wing mmﬁg&r’ Lo which is called the
g wan'Hb‘;EV'*mTJ and -1. Therefore

o
The quality factor 13 d"’{ﬂ ‘ﬂﬁifﬁ ﬁi"ﬂ. JB;,&'E*;{ e Q the system to the energy lost

per period. INSTITUTE OF TEC E-[HDLDGY

3 g ERELED m@ﬂﬁﬁﬂﬁ
O 2 cnercy o per puriel | .Jfr‘

o 50 I—' .-"EE”‘ Ir:_:'-.'l :J r-::l'.l
T
=ed) o U |

Where P is the power dissipated and T is the periodic time

E  2mv _

L{=2 = =
. TEMOT T

(o P=E/t)

@ ={2x | T) =angular frequency where

So it is clear that higher is the value of ), higher would be the value of relaxation time tie., lower
damping,
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In case of low damping @ =a , 50 O =@r (constant of damped motion)

If k be the force constant and m. the mass of the vibrating system, then

&
= wd r=1/2h
“ 411! &

& : - : T
S 2_]!: b Jg This alsa shows that for low damping the quality factor is higher,

FORCED VIBRATIONS

So far we have discussed the whrauwmj which Eﬁ'@r}g vibrates at its own frequency without being
subjected to any other external foree rﬂﬂ;] on arise when the body is subjected 1o

an external force. Such wh-muﬂ qfqﬂmﬂ -f“?\‘y"'/")’

Forced vibrations can be defined na_}hﬁ Fbrations i which F_fgm’:mﬁ vibrates with a frequency ofher
than it artvirad frequency wnder Jfr-df_jﬂ "fﬂ'l F‘“"!*-

fi |
The m‘aes-amngupﬂr}rﬂz_argﬂrtm |

1} & restorin oéfq n‘sﬁa
p 18 the £ mt ]l |

2} A frictional /p/:gppf:m v:l;mi'lg.abutup
frictional force Fbr-um,:t i

3} The external periodic foice,

A0
| FL@N%@-{ f#ﬁd given by -py, where

-

_ !id'hﬂ‘:@@ﬂsl by - — whereris the

=
7+
‘hé
| =
r
=

-. —'h“:'\-. ﬁj{ -.—-/
So the total F-::m:t.: ncirng on the puchm h:r o
-uy-  —+F Hfﬁjt Jf:"‘-.. flL ]E‘a, TELJ‘H {?'I |” _TII' 'h
By Newton's ﬂeoom} Eﬁ‘#ﬁ’i’ﬂ"ﬁf tthﬂ_.z:’;ftbf I%HW: of mass  of the panicle

and itﬂmhw‘&cmhmttmmm m-—-—~ h

|' |"\-\.- .\_i a--a. d :x\-\. | |'.- == .r'-_:;_!- .:_'-'E':-l I. rl.._—_l.l
1 | -\. e | F. | 1':' ['-_ _.'II :-:.-..-": —:-.'l.: = II ||
m{;;? =—1j1r‘ d j“r}ﬂl-rﬂﬁﬁ v | e BT
d*y d y ;
Or m +pr4r——=fsnm
TR T P
Fr i 0 dy o
Or 4 y=— f
.:JF mdf mL msmp
Or ';_f" +2b fv‘"+m:_u=fsinp:...........,,......................,,..,{13
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Where — = 2; ﬁ_m*m.ri;r
n m

Eqg. (1) 1s the differential equation of the moton of the particle.

In this case, when the steady state is set up, the particle vibrates with the frequency of applied force,
and not with 1ts own natural frequency, The solution of eq. (1) must be of the type

‘Fndﬂiﬂﬁ-m Ir-‘--II"|i--|'1--|11I"|1--|Ir-i--ll'-|‘--|'11[2]

Where A is the stieady amplitude of vibrations and 8 15 the angle by which the displacement v lags.

Differentiating (2) we have < TO THE ..
‘J_}l ﬂg;"l- : % I—? II| !:" ;-4}“ l':r'
=-=Ap cos(pt -6) & QH;’I'J_LL“QH > T
S 2
d'y Il A
HE AL =T o

Substituting theae a{f-l!b :
—Ap sini pi— ﬂ']+.tr1cm EHJ

. 1L )
inf ol — (= sin prj= f din {.E;‘li'%ﬁ\i
ar Al —p° Jsm{pi‘r :I‘;l’ v CE[#‘I =5 J‘%ms 1 A"j& me

- W | - %
Y\ A
N\ Y "‘:;‘E\:aﬂ A 7 /
If this relation hrﬂ&s;ga&ﬂuﬁaf-au values of cients of-smipt==&)and cos( pr —#) terms on

both sides of this zqm;:-v}E % Itﬁfmﬁmmu of sin( pr = &)and
b }-Lﬁ{:c'th-ﬂ! we have

Al ﬁ‘.l- f:
r '-.i— -: Trt

= (& Il
'.':'_ . l_|'|
i e

Squaring equations [3} and {4 ) we gﬂf

A!rﬂ.‘._p."r' +4h.ﬂ.“1r‘p: =_f-1l
-‘I!{':ﬂ.! -IJ]}: +4h31ﬂ1:=-lr!

A o 1 'l"f1 ¥ 7
Jile' - p° Y +ab’ p |

S ]
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While on dividing eq. (4} by eq. {3} we get

tan & =ﬂ*
ajm” —p )
g =tan"~ [LP‘J ................................. (6)
(" —p~)

Eqg. (5) gives the amplitude of forced “br,f“ﬁ ?n[l H‘;‘-{m wves its phase
ke
Depending upon the relative vafuqiﬁ'p a:l:dh‘u -fﬂﬂulmﬂg ﬂ:t'lﬁ-;.cascn are possible
Cue 1: When driving ﬁ-ﬁqnenc:r;iu 'l'm‘ﬁ‘e nﬁftﬂ.jnﬂ.iﬂ ﬂu, e, the amplitude of vibration is

e 7 I

— ) .
_.-r'i;:: X
5 i |
: -_Il [.'._-m & 1
o | =
| . L ""‘_ll. I. IIII =| II_ !-l I |
IR\
— _:":I gt
ﬂ | J ; _"-'Ill". l
o) UL
I..-' l:l:lll.'ll_l .Iﬁ' .' lI-—II
O xr'_-“ - =
\ Y .::t;‘"‘-\. .:i:' ,-{Q: l—l,-'

This shows that the mﬁ'm:!e :}f vibration is mﬂﬁﬁ‘f dent of ir&quenm‘ ncy of force, This ampitude

depends on the magnml.d:wd‘f%apﬁh\p:‘l ftfhe a.lid,fbéclte :nnﬂm‘l |.L|. ﬂ'ﬁﬁ:m& and displacement are

always in phasa. ol

INSTITUTE OF TECHNOLOGY
Case 1I: When o | t., the irr.quem:j.r -Dfll‘lf force is -r:qunl to frequency of the body. In this

case amplitude nll' ﬂl:l‘llmu _g:rv:p p;-' R, |

1 1 o
I- | Lo +
i | i

[
- - =5 _— T

. i o | L “.. o ] St = U
{ F = pe . ' e vS
A= i — -—Ih-—ﬂffr..l’
2ty ra ["r mo "'“]

also 8 =tan™ [-T—J =tan”' l:m:l =Sl

Thus the amplitude of vibration 15 governed by damping and for small damping forces, the amplitude
of vibration is quite large. The displacement lags behind the force by x /2

Case I1I: When p>>w, the frequency of force is greater than the natoral frequency o of the
body.
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In this case

J f_F

Y (ONE SN I

porab' . proomp

And & =tan” [i]—tan"' [—EJ#THH*:[U‘)=
@ —=p) r

Thus in this case, the amplitude A goes on dzftﬁaafai:i; a.-nd phase difference tends towards &

RESONANCE u.}?f"“ dal B & “ 7,
"‘\., - % [ |I ._r
) -
If we bring a vibrating tuning fork neﬂ a]milmr stﬁnﬂugjr tum]?;’f{:ﬂ'k of the same namral frequency
as that of vibrating tuning fork, wﬁﬁht}‘tha _SIRUONAD, mrg_E&Tk also starts vibrating. This

phenomenon is known as Tﬁﬂ“ﬂi‘h{'_ll- i i IS

—
e plhenomenion q;l"m.r,uhr@ﬂ,ﬁm{” 1§
vibrading body with the sanie frefmency is ¢
s 24 AV S -

In case of forced wt**mlhhn: we anniﬁr

o h - |-‘_I'III:'|I"
= Jita' = p J—-:';}P L
s "-, -m'-‘:b_“"ah y (A
= For a pmicjﬁhuﬂue of p, smpliode becomes maximum, This
phenomenon is known ﬁﬁlp@dﬂl’%tﬂ& 1 ™Md+ 1R
W o VI ELE AN ML LY &I I
EXAMPLES OF RESONANCE | TUTE OF TECHNOLOGY

1. Oserllations ¢f:tﬁe._$ﬁ"¢t{!ﬁ@ m‘i'ng kept o mﬂm;_hmcggf u;s,.ﬂtuttﬂg_hmagmttlg, field caused by
oscillating furrea'lLJf.‘flE !‘ﬂ'.[’.l]r:_ }rib;l:am hf{im I-Fnam mm;tmpllm:!é wlwn HA appifa:l frequency matches
with Mamral Fraquerrm”gfthﬁswtg, h )

2. Sodism chloride crystal has alternately Sodium and Chloride ions. If an electric field 15 applied on
the crystal, the charges would  oscillate back and forth. The natural frequency is in Infrared range.

M ANTOR

It 15 used to analyze complex note. It consists of a hollow sphere of thin glass or brass wath an
apening through a namow neck. 1t is filled with air The opening receives exciting sound waves and
the cars are kept close to the neck. When air is pushed into the sphere and released, the pressure wall
drive it put. The volume of air in the container behaves as a mass on a spring which is pulled down
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and released. Compressed air tends to move out and creates low pressure inside. The air will oscillate
it and out of the container at 1ts natural frequency @iven by the expression

V is the velocity of sound, | the length, A the area of the opening, v the volume of the resonator

@
'.,._1. s =
"’*...""-‘1' R | II | .?' ji"* i"'L..r

Sa L %,
In uu'u-:l}rnﬂ.mttu the speeds of hﬁdrﬂnpﬁ'ng ma HUIMH.H‘IE_ELFI: classified into different

categories on the basis of Mach nEm fﬂ[]]]m'mlmﬁh M

It is defined as “The m#ﬂm nfﬁaﬂhmﬁﬂ-splﬁ-‘nf M’IHHLHI the given medium™.

- = i
i.e. .Mach nurnber— f]‘ |, L l| "l [.:H_i:_.f ."I —.
Jii g; ! *-..‘__,-I_ L1 ‘ i ‘“—Ll I.;'- "‘lll I\
': .ll [ | I ﬂi'
Where, M= Mach quruj:’c’f'_" I :':'| N A 'U .'.'Ii'| ; ,: J J"“ ‘*|1
_.' l-l\_ 'III:II..I'.ll m"'\._ L—" ,l'::'llll' i I-ﬁ' J':I |
V ub;en.:;apwi — \ h H,;;-_; - __H_
.. = P
a= Speed ﬂﬁm& in lha, medium m:_;;;fﬁj i
* he A
Note* It does not have Eﬁuﬂn% lui,ujﬂlréf Hmp% ﬂ 1.]. =

WAVES

Acousiic waves: Et‘hﬂn:ar?.l mﬂ.’rﬁﬂ} #ave&%iqt T.ra',-'e[ fnﬁe-ﬂimn M‘huﬂlﬁ.spmd of sound in that
medium These waves ¢an pro agate‘u'bs:inds, Itl:]hlﬂfand g&sﬁs’ .

Acoustic waves can be classified into the following three tvpes depending upon their frequency.

1y Infrasonic: These acoustic waves have frequency less than 20Hz The human ear cannot detect
these waves

2) Audible: These acoustic waves have frequency between 20Hz to 20K Hz. The human ear is
sensitive 1o these waves. They cause sensation of hearing in human beings.

3) Ulrasomic: These acoustic waves have lrequency more than 20K He. The human ear is not
sensitive to these waves.
*An acoustic wave is sound wave.
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* It moves with a speed of 333m/s in air at STP
*Sound waves have frequencies between 20 Hz w 20K Hz
* Amplitude of’ Acoustic wave is very small

Ultcasonic waves: Ulirasonic waves are pressure waves having frequencies beyond 20K Hz But
they travel with the same speed as that of sound . The Mach number =1

o Amplitude of ultrasonic wave is also small.
Subsonic wave: If the speed of mechanical wave or body moving in the fluid is lesser than that of
sound, such a speed is referred to as subsonic wave. The Mach number <1

Ex: The vehicles such as motor cars, trains, g%&h*iﬁgb“d‘ 15 also subsonic
I

AT
e For a body moving with subﬁﬁ"‘ lﬂe sxiimd{QPﬂEd by it manages 10 move ahead and
away from the body ﬁ-tllch‘&'l{ !%qmjt t;_:_bd:,-' -‘P

Supersonic waves: Supersonic waves al:e*mechamcal H{ﬂ,ﬂgﬁch travel with speeds greater than

that of sound. i.e., with speed for w“'?ﬂmmm =

A body with supersonic b]lEﬂﬂr;E-fhElﬂiE_ﬂ:ﬂlEﬂﬂ h;_pmrcmgﬁts nu.m.-iqund curtain, leaving behind
& senes t::.pamﬁng mimd Wi mth.];i‘r:ﬂ;i,-qntcrs 5 F{]:f&'lh nuously along its trajectory.
Today*s ﬁghtcu;l lm;mﬂ with s;hpﬁrhtt':l{; SPBF El_[_uﬁe uflpu_g-lemmuc waves will be
high it aﬁ#rlﬁ:'i ¢ melhu&nj:m Mtich i is travellingf | I“‘J_| |
SHOCK WAVES ;;-"-., ' —
) J¢ (LU .'|,"'”
s Any fluid Lh!a'r, p’mpa‘g,gi_teg. aLJJqurmmc arEa&:fs L.u:‘ﬁ rise 1oy a*shcrc’k :;.mw:
s  Shock wamn.ﬂhpmdmnd in nﬂﬂflE durmm ‘-'ﬂ“y q{ukns {a?s:a s ua.:,. es which travel wath
speeds rangmg from 2km/s to ET-.n‘hfg}H / *:; P /
s When lightningserikes —— .
Shock waves Lﬂillﬁfﬂlrgﬂumﬂ? Tn;ldﬂ'i'dj pﬁﬂm:rf'm&dwﬁt.al eneszy in a medium
enclosed in a smallspace. | i

“A shock wave ix n.IWWWEE{.MMEH it fTuaial miediveen in which it is
with .:u;pemrr.ﬁ: speed”,
They are ﬂf}?ﬂ&ﬂ&ﬂmbr mdﬂm mr.‘ﬁa.bflm- p-mﬁum;,tﬂmﬁmurﬁ Eﬂi density of the
gAs. Thrﬂi-g!l which |T_p|‘fma'gaiﬁ5 R NEa
Shock waves are as strong orweak depending on rlm mﬂgnimdn of the instantancous change
in pressure and temperature in the medium
Fx: The shock waves created by the explosion of crackers, hursting of an antomobile tire,
chuiring lghting thunder, during wiclear explosion,
® For strong shock waves Mach no. is high,
s For weaker shock waves the Mach no. g low( lesser than 1)

‘B‘.'-_

=
-

dtn

APPLICATIONS OF SHOCK WAVES
¥# They are used in the treatment of kidnev stones.
¥ Cell information
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¥ Woaod preservation

¥ Use in pencil industry

¥ Cias dynamic studies

¥ Shock waves assisted needle less drug delivery
¥ Treatment of dry bore wells,

BASIC LAWS OF CONSERVATION OF MASS, MOMENTUM AND ENERGY

Conservation means the maintenance of certain quantities unchanged dunng phyvsical process.

o  Conservation laws apply to closed systems
* A closed system is the one that doesm Qﬁetm any matter with the outside and is not acted
A L g
on by cutside forces. ) :

7 r"
The conservation of mass. m@épmm 'a.uﬂ &nqrgy il‘E,ﬂ'bE}‘ ﬂ;uye fundamentals principles of
classical physics.

_hlﬂng.ad;_a_qd 13 independent of any

pa:hs hlkl\nién'r}d nor destroyed”

“When two, ub;em mlildas in an‘uul:nta:l s}rmq:;ﬂm total mnmenhmpftha objects before

collision =the 1otal ml:gmqhm of Tl“lﬁq!:ljnﬂwﬂtcr WHLE
A Lawaf wmermﬁgq ﬂf J::'

¥The total Wﬁ.aﬂg&pﬂ M_m‘ﬂ%m_w?mdﬁi independent of any changes

occurring within the syste
TH'HI f IUTE OF TECHNOLOGY

W P s B .
. Sfﬂfiﬂﬂﬂ?}*ﬁl‘ﬂﬁ lml'ﬂ.,-'[i; i’ﬂl‘]{lﬂﬂl}'ﬂ]\:}ﬂl wave, th.l: ﬂmfkﬁm;& ﬁmatns stationary with

respect to fixed chserver o

o Moving shock wave: such shock waves travel in fluids which are either stationary or move
with small speeds with respect to the observer

o Normal shock wave: il the shock wave is perpendicular to the flow of gas, itis known as
normal shock wave.

o (Milique shock wave: if the shock wave is at some angle (other than *:JI'J'"] to the flow of gas it
15 known as obligue shock waves

_—-
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DERIV 3 RE IP USING SI
CONSERVATI UATIONS (RANKINE- NIT EQUATION

Consider a shock wave propagating with a speed W in a shock tube

The conditions of the shock wave at the downstream end can be determined by solving the equations
for conservation of mass, momentum and energy, as applied to the shock region. These equations are
known as Rankine-Hugonil relalions.

* Consider two regions with reference to the shock front, one which is head of the shock front and the
other behind it.

*Both the regions are at far enough di qiné'ihnﬁriilﬁhgc front so that equilibrium conditions

prevail the two regions where, the qi -'Etrnlimhlﬁ 3w ﬁ‘,prcssurf:. density cte. arc uniform
-'\:‘"- oy "‘. i1l
[P 77T I
Y,
Shock fromt « § —= W ? End wall
P s
i "‘.“Hr e % — e
A\ 0 - .:'_ ;':
Let us consider WL’H] ttm#

shock wave =

| \'--'; o
(Th ), density ij|iﬁnlift}'|ﬂ:];ipy! t f “} before creation of the
=7

i
. Y
Similary; (Pa), (T2l [gg}ah.gl{_h,_ﬂh 'ﬂlq cun'es |_J'|g \'#qus ﬁﬁg.,r q.i't:at‘iqn of the shock wave.

Then, the three mm#mtmmlahﬂns wlm:h pn:lm‘f{n the mm*anm!aws
.r"

W=tz i “]ﬁﬁiﬁﬂﬁﬁﬂﬂnﬂfrﬂm—

Where u, is the mlmlmbfmtﬂut ri]e shcn.ﬂr (§ -rl

uz is the vé ﬁfc-lﬁ.f nff'fhva i T-';lllﬂwm : shoc
INST ['"E:UT]: OF TECHNOLOGY
Py r_ﬂ l{: Pﬁ+ 1i.|z‘ Sty {2} conservation momentum

And hhﬂ,?ﬂ h—.;' ”xl Fh“lglcmmm%mﬁl

These 3 equations along with the cquailun of states

PV=RTnm- (4)

Lie at the roots of all the aesrodynamic problems and applications. Using the above equations, the
following normal shock relations called Rankine-Hugonit equations can be derived in which Ps and
Ts represent pressure and temperature at the downstream and behind the reflected shock wave.

= — ]
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3) e

T
TUEBE:
Shock waves can be created in tﬁ'é

-' "'-\.\,r'

(a) Using a Reddy shock lul:lei, j’L
(b) Detonation ilﬂ:r

(e) Very high pressure fas uyFﬂ_qw

(d) Combustion

: |
(&) Using smalfnlﬂrga Bfﬁﬁ.’rhﬂﬁ :
J =

— |
CHARAC ER[’ETIt’ﬂﬁF-' ! [IBL

n.

= The Reddy mﬁ npeﬂl;[erdn Lhﬂnnupl.algﬁ‘me ;@an uirmm shos,katul:ne (FPST)
" [tisa ha.n-:l‘l:i‘preml‘m*ﬁﬂmkpmli g2 dmhceﬁ, ' ' 87
= Itis capable'of producing Hav:ih no. %ﬂeﬁd@;"l 5 -"—f

T iay st b

]:r
= Temperature exgéedin ‘Dt}l}ﬂ sllz.l:f' |mdﬁ 1]1 ¥ tube by using helium as the
driver gas and ari;ﬂ'ﬂdafttfrh d‘l‘lk‘.fr_’l:'l 5 hpﬁ‘l‘ﬁﬁjr&i\; Eﬁﬂ‘m the chemical kinetic

studies INSTITUTE DF TECHNOLOGY

Reddy tube is a hand operated shock tube capable of producing shock waves by using human energy.
Itis a long cvlindrical tube with two sepamted by a diaphragm

Its one end is fitted with a piston and the other end is closed,
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Digital prevsure
T oo 517

) r TO =T

£ -

:; Driver section Detven gas s

pivion 5_\\ Diriver gas Test gas /
2 \
o rr—?
Down sivess Eod
& -
Description: K
-f.'l
4% Reddy wbe consists of a cy_t‘L 1ul:qﬂnf about 30mm diameter and length
Im. 4
& Itis divided imo two ':a:tlEm.&l _.
4 Oneis the ::I.rwez;.mha a.mi 2 Ao
& ﬂ}es&mnnsa a0 : N o p’iﬁer dihphragm.
4 A piston is ' i o
& Adigital Q:hmgm
% Two piezo % the closed end of the
shock wbe. (i

& A portis pf-ﬁvjﬂécrat\th_g'lci@ I‘?m:l fa:n" 'ﬁ'.l’]m hup test gas to the required

pressure.

The driversection is Flkpd s tarmed @5 the dm‘rer iver gas whhgh is held at a relatively
high pressure_ dus o .th'e'mmpr of the pisten—ihe-gas in the driven section is

J_-.

termed as driven gas or I.ESt 5
XTI Gy R
Weorking: N\ A \ﬁ‘l‘_ ]_E JE ,__H er 1

e

-

The driver gas is ib&&ﬁm pisshina Cilid 'pisiid hard into the driver tube until the
diaphragm mptwea-.

The drive| rgﬁwuﬁm\ir&:mﬁm F}n*yﬂﬁ ﬁ@rmt pishes: ImeIF:F‘vqn pas towards the far
downstreartiend. This’ -gem:i‘hg} a moving shiock wavertliar traverses the lenath of the driven

section

The shockwave instantaneously raises the temperaure and pressure of the driven gas as the
shock moves over it.

The propagating primary shock wave 15 reflected from the downstream end. After the
reflection, the test gas undergoes compression which hoosts its temperature and pressure to
still higher values by the reflected shockwaves. This state of high values of pressure and
lemperature is sustained at the downstream end until an expansion wave reflected from the
upstream end of the driver tube arrives there and neutralizes the compressions partially
expansion waves are created al the instant the diaphragm is uptured and they travel in a
direction opposite to that of the shock wave.
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% The penod over which the extreme temperature and pressure conditions at the downstream
end is sustained, is typically in the order of millisecond, however | the actual duration depends
on the properties of the drver and test gases and dimension of the shock wbe

& The pressure rise caused by the primary shock waves and also the reflected shock wave are
sensed as signals by the sensors 5) and 5; respéctively, and they are recorded in a digital
cathode ray oscilloscope.

% Since the experiment invoive typically, millisecond duration measurements, the rise time of
the oscilloscope should be a few microsecond. Hence an oscilloscope with a band width of
IMHz or more 15 required. From the recording in the CRO), the shock amval fimes are found
out by the associated time base calculations, using the data so obtained, Mach number,

d t be cal
pressurs and temperturs can be tﬁllﬁﬁf-ﬂf

S| P %2,
FaU7 2%,

@ T 1M
24l [ M@
| Al
ilf_;_ W [D =T ¥_|f

— r 4
CAMBRIDGE
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MODULE-2

ELASTIC PROPERTIES OF MATERIALS
ELASTICITY - Property by virtue of which matenals regain their orniginal shape and size after the
removal of deforming forces

STRESS AND STRAIN When a body is subjected to deforming force, a restoring force is
developed in the body. The restoring force per umt area 18 known as stress (7). This restoring force is
equal in magnitude but opposite in direction to the applied force, If F is the force applied and A is the
area of cross section of the body, then T=F/A

The STunit of stress is Nm™ or pascal [P%qlditﬁﬂW|mal formula is [ML'T™]

I [, i .l"r
| F
The ratio of change in dimensio ﬂ‘b)‘ol’ mb&dy l,l:r ﬂ'm’anﬁ:‘éi;_dlmcnnmn (1)) 15 called strain,
Strain has no units of dlmensmm E{ﬁﬁli AV D R

TYPES OF STRESSES AND S-T
MNormal stress: If a force s appiiad*

of the-body. then the restoring force

developed per unit aréa is cilled! Ll Lﬁhgtmdmal stress may be of two
typesi.c., tms:]: “mhpp:hs it ) ‘--p:'l-ﬂ'l‘l'."-.l' ::i,fc-ﬁmnn {tensile stress) or
compression {muihz&f ¢ ﬂll:ésqic ' :hrli the inrt. ' In blmhxl::!fses, there is change in
length of the l:md].-' X '“'---h ’L -r.-
Xa m M AL
'_II'-._ - |.- i
: 1 A
wlru—i- o o
M g
‘R jed ABR

| nermssemens™ ITE OF TE

Normal stress (Tensils stress)

Ala
' - o W I| BRI
=D - 1 .
/

Shearing Stress: If a defﬂa'n:ing_%nrc& ia applied parallel to the surface area of the body,
there 1s relative displacement between opposite faces. The restoring force per unit area developed
due to applied tangential force 15 known as tangential or shearing stress.

Longitudinal strain: The ratio of change in the length (AL) o the original length (L) of the
body s known as longitudinal strain.
Longitudinal strain = AL/ L

Shearing strain; As a result of applied tangential force, there is relative displacement Ax between
opposite faces of the body as shown in ligure, The strain so produced is known as sheanng strain
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Shearing strain is defined as the ratio of relative displacement of the faces Ax to the height *h".
i_e., Shearing strain= tan® = Ax /h

where, 8 15 the angular displacement of the surface from the vertical (original position) Usually 8
is very small and hence tan@ =8 =Ax 'h
Volumetrnic strain; If forces are applied normal 1o the surface of a body in all directions it
undergoes change 1 volume, The ratio of changs in volume (AV) to the orginal volume (V),
without any change in shape iz called velumetne strain and stress causing is called normal siress.

NIl | . )

o o I <<
HOOKE'SLAW | d "J “ h X |

It states that Stress | A d/r'eb gm al tas J:IIJ lh:rﬁ' lastic lﬁﬁi 1.8, siress « strain or

Stress { Sirain cotglant\\ > SN R
is called the mod ﬂﬁﬁ‘ﬁélqe QL':lﬂSl-];ﬁ constant Mj_ﬂ r:.hnragl: isfic ;mpf-;ﬂ v of the material
= o L F A
. N ='f‘ g —

: 1
Young’s Modulus is dﬁffﬁadf ﬂa@ I (linear) -stress to Jongitudinal ~strain
with in the efastic Illmt-"ﬂ mﬁﬁh s qﬂuﬁi’ﬁe*ﬂﬁt of Young's Modulus is the
same as that of stress i.e, NEUSTITUTE OF TECHNOLOGY

.'a- = |""'- l""_—._—

Where, F reprtseﬁg l’ﬁe ﬁgu.‘w anphe:f mt:ma] "ta|lhe:area JE’ af‘ 1 '*'”k |nE']é;jﬁg1h ‘L’ and ‘I’ is the
change in length.

For metals like iron, sieel, copper, aluminum etc., the Young's moduli are very large.
Therefore, these materials require a large force to produce small change in length.

_—-
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Hammering and mﬂsj}gﬁhﬁﬁ:&n breakingcrysta f&ms into smaller umm whmh result in an increase

of their elastic pt'lah&uﬂs The) sl| pﬁuﬁg_' {ﬂj betwesi @mﬁ: plams,} L’sanmg at a weak spot
proceeds within tﬁ'e—gj‘am “and s nlﬁ_fih its boundary with e adjoining crystal. No further flow

possible makes that material hard

EFFECT OF ANNEALING

Annealing (heating and cooling graduvally) favors grain growth m a particular crystallographic
direction resulis in larze grains or less grain boundaries in the body, generally result in a decrease in
their elastic properties or an increase in the softness (plasticity) of the material. Metals with smaller
grains are stronger than those with larger grains.

Sir Lawrence Brage said “in order fo be strong, a metal must be weak™
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EFFECT OF IMPURITIES
Suitable impunties deliberately added can alter elastc properties of metals as they setile between the
graing and brings connectivity between two grains

Increase or decrease in elastic properties depends on the elastic or plastic property of the impunty
added respectively. Carbon is added to molten iron to increase the elasticity of iron,

EFFECT OF TEMPERATURE
Increase in temperature generally decreases the elastic property,
Elastic properties of Invar steel are not affected by any change in temperature

0]
IMPORTANT USEFUL TERMS (V" TG b,
"'-."'* " v LT ?;,

Ductility: It is the property by ﬁu@ﬁf&xhlrhmﬁﬁ ﬁfmun‘e a large permanent deformation
without any fracture or TUpILre. ;';__‘H i

o 971111 1
Brittleness: Property by virtue Uh’r[r(igﬂltrmwrrdw l'qumdi Wltl'l.'.‘rl.-tl- any appreciable amount of

permanent daf‘m‘mmim'ﬁﬁgpn@aﬁl imnil ,._Jr P \
, fl:: E I\ &2 )
l:\-_“l .l | G -.__.' -
Plasticity. Is theﬁqﬁ}ﬂyl af\ﬁ mqteii_&.] 1o gel ;!I‘-‘:mjned ;{ﬂmﬁh@i‘.ﬁr uﬁﬁlﬁﬁﬁnmmﬂy without any
rupiure N I " | _|;___" -'_J "-.__‘:'II!
| | lr

Elastic after ethcli. /]B\ﬂﬁﬁ m re-:ﬂvfﬁ ck »t.IPJ_u,LLgi | Eﬂl‘ldltré}ﬂ a"&hr thle removal of deforming
forces within Elasti“c.ﬂ.uml & Tike, 'km::ni:lh:ms matzﬂm sh#ng slnw ﬁ:‘mm whereas metals |

guanz like :rj.-'setaihn!‘m}l ahuw Faﬁ} aj‘{_ )

Elastic Fatigune: Joss [’ 'mc:nms ﬁl.n:nglh wheﬁ‘“ﬁiﬁiﬁtﬂ o rcpuajmrmn

Working stress and Fn"btlﬂ* of ﬁﬁf'ﬁlﬂaﬁ# ﬁihngﬁre&'%l]ﬁ get to far below UTS within
the elastic limit for the safefip6rpbsel I TE OF TECHNOLOGY
Factor of safety = ten:rle Etfﬁligﬂ'.l.-ﬂil' hraal-un;strn.ss." wnrimg 5r.re:ss fgﬂ]aml]y 5-10)

. g, .
(@ | P reL
RIGIDITY M{'JI}'ULHS i"qr-f Th'c i-‘@:lc] Dﬁshbl'll'lﬂf stms“mm tm ]:I-En tlm_g shearing strain is
called the shear modulus or Rigidity modulus of the material,
-ﬂi Nm™
@

F is the tangential force &nd @ is the shear strain

BULK MODULUS (K} Bulk Modulus is defined as the ratio of normal stress to volumetric strain
with in the efastic limit

h:-='_"

F/A is the normal stress, v 15 the change in volume and ¥ is the onginal volume.

_—-
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K iz also referred as incompressibility and compressibility represents strain per unit stress
« is increase in length per unit length per unit stress in the direction of the stress and [} is decrease in
length per unit length per unit stress in 2 direction perpendicular to the stress.

B s lateral strain per unit stress and « is the longitudinal strain per unit stress

POISSON'S RATIO (a) i3 the ratio of lateral strain to the longitudinal straim

r=f/m
d
Q, Strain
:‘l-—-l" E — g
long — L
p— |
L El.ﬂ e ..n
Poisson's Ratio
\ £,
f | V== .
_Il Iil | y . EI i
(L s |
) e o
.-l T I | | J' i i | LY
| o ' e | | || \ i & | |II h 1 = L v i II
EXPRESSION FORBULK ] ':- ; A i .":' .
Bulk modulus is tl1.é-r§t_ip_4_:r_i' ncrﬁ-'n_a] HI'EQE@HP%&{‘EiH Tr
e 4 —
- T.

/"1
i
Y T i -

7 T

Consider a unit cube (OX = OY =0Z = 1}, The initial volume of the unit cube =% =1

Let the cube be subjected o tensile stresses Tx, Ty, T; along the XY and Z axes, Each of these
stresses is tensile along the direction in which it is applied and compressive in directions
perpendicular to it. Ty produces extension of the side OX and Ty and T preduce compression of OX

Let o represents the linear strain per unit stress and i is the lateral strain per unit stress.
|
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Due to these stresses the dimensions of OX, O and OF are altered and can be written as
OX = 14aT— pT,- pT: {linear Strain'T = & |

OY = 1+aT,— fT.- BT,

OZ= 1+aT— fT.- BT,

Final volume = {1+ {a-2B}T* T~ T;}} (Neglecting higher arder terms of a and i)

Using T=T=T, =T

Final volume = | |+ (a-2B)(3T)}

Yolume strain = Final volume — Imtial Violume = {{a-2R03T)}
Bulk Modulus "K' = L".“‘ ””_!

‘~-.":""D 2
K= {:‘ ‘-. y

e

Expression for Young's modulus “ e

Y = Lincar stress' lincar strain [ _II-*]"‘ITFHIH

(FAWIL) = TiTa = l/a—ieeis Etmff

Y=1/a e | | 1
l,,‘*—'“l _,r"' H ' .

EXPRESSION mn’lﬂﬂlmm MODULUS
o1
Consider s cube of d L, ﬁ‘bﬁ%!humiu e of the
(1IN ¥ '

applied along the 'I?#_‘ . ' | | I'.
' o S
LY .
'..\. - ll-..I.l
III_.I_-\.'--.I
I"'::;\-\=J :l. Al 'T‘
] A - —;"I i
f; e I ! HI,F 2
|_1_!: = | §i ;’ \1"_ J.' | ! I
S O .
. I ¥ »—QI
nﬂl ! JIr
|| ;
VYo o

Under the action of the tangential force, the cube pets deformed to A’B* C 1D The shear strain s
equal to 8 and is given by the ratio, 6 =BB"/BC = 'L

The tangential stress 15 equal to a tensile stress T along BD and compressive stress T along AC.

These tensile and compressive stresses produce extension of the diagonal BD
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The increase in length of diagonal BD = MB*

If @ is lincar strain per unit stress and P is the lateral strain per unit stress,
The strain produced along the diagonal BD = T(e+ i) - MB* /BD

MRB" = BB’ cos (BB'M) = BB' cos 457 = /\2

Therefore T (a + f)= —— —= =

Or - — = )
-.;.;;iaj“ ”[E"'"f
N= ""&t:‘..-._ 5 I I -.":' .n?;f-'"

LTINS g
We know that . -.;I]:I'Li""._ .'i'_i-l_-=:' —
f Ay .f—‘!r-a I ’:F- \
/;l‘ | [ et L‘*-\ =7 f
,Irl'“:}l\y "'1|_" f P . i 1 [k '-L'."I" l‘:{lﬁé
IR =l )
.__ D | | | ,__.-;]\ '
.r".-f’ 1 i £ [
r"l i a'l~— |’M \ EL I 'Irle"r;\\“ )
o T e f;ﬁ--' i A=
l\‘,_ 5 -h\:-ﬁ"“a_ { f £ ")’,

v‘&pﬂfﬁr RIDG E
Add (i) and (i1} and rdHi@Mﬁniﬁﬂimﬂ%ﬂ@%m the elastic modulii as

&

igiNotes

L

@D

f B 8 | e
( GJ “7“; Yo [ AN |.[.,., _“ A [
___- y B | L oy WY n el o L |

=
_aly

e

JHEORFTICAL LIMITS OF o

The elastic moduli are positive, so (1 — 2 1s positive and it places a upper limit equal to 0.5 on the
value of . Similarly we can deduce the lower limit to be equal 1o -1 from egn. (ii).
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TORSION OF A CYLINDER
Consider a ¢ylinder of length ‘L.’ and radius *R’. Let the cylinder be clamped at the upper end and a
twisting couple be applied at the lower end. Let @ be the angle of twist.

f,-"—.f_';} '|‘ fi;?h.l
7 -
The cylinder can g;p )rap:h'k :mat"lhﬂll?!( ’i[mder-; of varying radia
o '\l|

{Dmmmﬂmw ;
m:mlmuple.mbrmﬂ;nﬂip

: .
dimensions ¢ .
W,

le,ﬂduﬂmrheappha:l
OP" without change in

A fine AB parallel 1500 ;mspaa.:id%m’
an example ﬂfp‘lﬂ'bﬁtm’ as therg is io cmg;gg uq

iy s -
fm;ﬁmﬂad—ihla angle of shear. This is
'ﬁ:l’!glh orradius of thw’u}rlmdf:r

cmplq.' gﬁu] {;;I,rlmﬁqr uf;adrmb OB (0B =x) and integrate the
& ;@ﬁm' I| P ’rhNﬂTtda—ﬂF the twisting couple on the

IMH[ ITUTI OF TECHNOLOGY
We can write fI'GEI'I m;.geumetn. 1::[ the fi t'gl.m;, = -
BB =x8=Lgp (@ L) J |i NOTEes |

N N o | el og U0 Il

We can calculate the twt
expression between ’:Im!'r
cylinder

If & F is the tangential force acting on a cylindrical shell of radins *x” and thickness, * dx °,
The tangential stress = §F /area of the shell = 8F /2m¢ dx - (i)
The rigidity modulus = tangential stress'shear strain

n=&F (2mx dx) /g —-—{iii)

6F =2mnx dx. @ —---- {iv}

_—-
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Twisting couple on the hollow cylinder of radius “x" and thickness, “*dx” can be written as

&€ = tangential force - distance —n. @ 2nx dx. x (v}

n . is the ngidity modulus of the material and is given by the ratio of tangential stress to shear strain.
Substitute for p in egn. ii o oblain

SC=2rnBxldx xL=-2Zmn@x3dx L -- -

Twisting couple on the solid cylinder of radius *R’,

Imnfd R Imnd
c= 2 [Rldy =10

TORSIONAL PENDULLM

P =
= ST
g N T
I-_'.-\._"' Nor Ty L T |
il ._,.-';I l:_.IJ b b Tk 1
I| I' __-'. [ | = o
L - o =
7 N
f i 4|
o Uk | | i | ..
b . . S
(= -
5 )
—— - Ny o I.-I 2 =
L J N _—
o’
—\.II -—I. =]
L

I.-'.-'“"_'J I.:F'-. !'-"._ l l'l i _-.'_'-:I'-\.: f .'h:l I_|'_'
A rigid wire of length’ E.Mnﬁ‘héﬁa MLﬂ.ﬂ'ﬂﬂs:ﬂ axis of rotation for a regular
or an irregular body H““hcijww {j’@ﬂm’rﬁﬂuﬁ at the free end, the body is set

into oscillations and these oscillations are called ,.L""mi omal oscillations.
e T g i @ i)

Fml il s msalbh laah .= a8 &
Let I be the mnméz_ﬁﬁ:ﬁfﬂneir}ia {ﬁﬁﬁhgxﬁf*ﬁm g_g}?en-a-:g.a_m&ib& _m:ﬁ;]ijrlfge period for wrsional
oscillations. Let the restoring couple per unit twist be “C* and 6" be the a'hg,l!:e of twist.

Angular acceleranon = <(C /1) 8

d'g
zI’—-—z——l','lii
d=8 c
o

represents the simple harmonic equation for torsional escillations.

From the above equation. we can get the time period for torsional oscillations

_—-
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T =2n/T/C

r C marts

Period = 2x ¥ (displacement/acceleration )

For a given wire, C is constant and hence the ratio I'T? are constant irmespective of the body or the
axis of rofation. This principle is used to determine the moment of inertia of the irregular objects and
rigiclity modulus of the matenial wire using n= [Eﬂ:lfri}.’ )

BEMNDING MOMENT OF A BEAM

A beam is a structural member wh-;:uE‘ :M‘EZ‘J 'u:él.rﬂ compared to other dimensions. In the
simple theory of bending of heml e s‘l}&# Stfﬂﬁcﬁﬂ ,.ln.% fl'i:g,lﬁ:ted and only tensile of compressive
stresses are considered. Q" . '-_J_' .5'_ ;f_‘. A

e
ol
=

Censider a beam fixed at one .ﬂlmthﬂlhﬂlf héi.‘,an:i Due to the applied tforce, a force of
reaction is set up at the fixed eﬂ' -'- et u?ghum and n:nppnme fnrce;s c:cmststute a

couple which tends to Totate the b

the beam back to eqwl’ihnum ) I ~— ' [H ey 1)
:'\-I". I‘:'\-D .-"'"I- | '.T' Il T n I —
1i ':I Llrl "I ' | | | b "-\.u? |l‘|.r I__ !II
-l""ﬁ l el et 'EI | i e '. .| =
T RS —— |~ N
- — n . P, Il
Ao Il 1A I. i f :| II ¢ ,:'l. "
GUNA T M2
In_". _,:. AN p:'l:::,-"lll = J: I

-h_ T .__I : ﬁi“& ﬁﬁ_-. :5-:_ --h—l..-II
The beam can be imapmed-asmade up of a ﬁ’ﬁﬁ; "%Inngitudimlﬂ#amm& Under the applied load
the upper filaments 1r~.fi1||{p-n¢e er-n:‘ n‘w ermeonyesform and the lower filaments wall
undergo compressions mggs_ﬂr?ﬂe ‘\ﬁrﬁ;&m il.a.rﬁemclltau:lues not undergo any change in

dimension 15 the neutral ﬂﬁj11 ﬂbﬁ WWWM?EIMEH{JD will depend on the

distance of the fi Iam_m!L fr © nautral ax ls-

The moment nf'm:ﬁit::ﬁhfln:ilg :Sllpl:r';rs h{ltﬂ ﬁ'ﬂlfFflE Tﬂﬂmtt‘tﬁf ﬁ,hmm | [/

g ==

E N N -A.

Let ABCD be a section of the beam. EF is the neutral axis. Under the action of the external couple,
the section will bend into an arc without any change in length of neuatral axis.

A a br' B
- |

E — if F

[ #] C

_—-
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The upper filaments mﬂ

The lower ﬁlamml'.ﬂi
||
The beam 15 bent mlg.'mn an} qf'a

Il
e of radius
Cﬂnﬁdﬂamilp?mmn{ﬂ:pm Lns.lﬁf
small portion of ﬂﬁﬁhﬂtﬂfﬁ i{s atadi
In the ahmnfﬂuﬂing b= Ef‘—iﬁtﬁrﬂ
gy %ﬁu‘_{s‘- S
ab'=(R+z )0 e P
A ed:
Strain in the filament, &!Le.{i_'lfz} LY T I
Haamﬂmmaufmeﬂa&%:l*ﬁméa}rﬁ&ﬁﬁ%ﬁemmmmd&fume
Youngs modulus, =% [= ﬂh h § A == 5 =
@DigiNotes.in
_ 5F/8A w WIITNV 1 oD iT]
I;ﬂ'

Force acting on the filament, aF=Y rdA R and Moment of the force about neutral axis= ¥z .
Z The bending moment of the beam 15 obtained by summing over the moments of all the filaments
above and below the neutral axis

BendingMoment = Y= 8A z°== Y. §4z* =V1,/R

I, =84 =4k
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1% the geometrical moment of inertia and depends on the area of cross section, A of the beam and the
radius of gyration k of the area about the neutral axis.

I, =bd/12

For rectangular cross secton,

where, b is the breadth and d is the thickness of the beam.

I. ==nr'/4

For circular cross section, s where, r is the radius

EXPRESSION FOR YOUNG'S MuEl,_lj ﬂ&fﬂiﬁw’mﬂwﬂ:

A cantilever 15 a beam fixed at ﬁ Euq:l ]]nrdddlﬁl.ﬂwﬂﬂ)q-ﬂli Consider a load, *W" applied to
the free end of the cantilever of length, *1.7 Eerfbém/déﬂéhnn of the free end of the cantilever
under the load The deflection is m_ﬁm;lﬁl.un i the free Ehd’ﬁj:nﬂ is equal to zero at the fixed end. Let
PO =dx be a small section of the nestral “ AR

\\.'\.
|
|
n |
N (O
U e
v
A
)
e,
[ - I .
L Nom W,
PQ is at a distance x-fromthefined end .

Radius of curvature ﬂfr(wtrallﬁﬂi ﬁébe}ﬁ;ﬂ&@fqﬁ ,j? ( ""II' ,I__[_

The radius of curvamre of déireutial ekl sy e bi drhndasd eiprdssion

1 d® yfdx® a® Wl {1 = .
e — |— - NO 1 €3,

| [I_+_{ -

dy/dx is very small and the higher power can be neglected.

The moment of applied force acting on the element PQ = W( 1-x) - iii)
The restonng couple due to the elashcity of the beam =¥VI/R - -{1m)
At equuilibriem, these two are egual and opposite,

S0,

_—-
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YL /R = Hﬂ.:—’; /7 — (iv)

YL I% dx =w [(l - x)dx

On integration, we oblain the expression

1"]',-'-;-:- =w{lx—x%/2) 4 C where C is the constant of integration.

The deflection is zero at x = 0 and dy'dx = 0 implies C=0,
Therefore

Young's modulus is gi

¥ = mgr-*;bdﬂif \x_g_
— r 4
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MODULE-3
MAXWELL’S EQUATIONS — EM WAVES

INTRODUCTION:

Electromagnetics is the subject that deals with the theory and applicanons of electnc and magnetic
ficlds. The concept of electromagnetics 15 of pnme importance in almost all fields of engincenng,
espegially electromagnefic communication which forms the foundation of Mobile communication,
Satellite Communication, Optical fiber communication et

In all these applications, Electne and Magnetic feld properties are utilized to transfer the
information. 10OTH

Eleciricity Generator, Xerox mach[{!.&" ‘E"J:mter’ 1T dfié.: v oscilloscope, Ammeter, Voltmeter,
Speakers, Hard disc of a mr@u\;erz Eieﬁ:umnﬂdgrﬂ?;fdbﬂﬂj Transtormers, Audio-Video
recording, Magneto h].-dmd:mam‘ﬁ {h"fl:lﬂ,r—genemmr‘ -‘He.ajﬁl aiFtraft are few more examples.

A course in Electromagnetism daalsmth petrigand nmgnenc: fields which are vectors. For the
purpose of describing the pmp#;:w'-cﬂf A Mﬂtm fields, in 1881 J W Gibbs and
Heaviside developed "-"EE]:DR A?!.&LTE]S._——_""F:

sy -
__.-'.-_: o 1
ey
I"'- P tr 1
" T .-' .".I
Ve N

J]-an’and ;nﬂ?’mm

i .

F[W]}AMENTALS ﬂF?{EETﬂ]i{ :
el .

Physical quantities fm,h: dlﬂéd'gllr 3

Scalars: Timuphysmulg}ﬂnhuag :v:laﬁljy mghlrm s,ndiﬂqn -d.l.'Etll.[l.!L in space such as
tﬂmpﬂﬂhﬂ'ﬂanmm,hmﬁ vmmm.mm L':

] k '| [

e

Vectors: Those ﬂ;}mnafqmnhhm wh:lr:hm‘ire dﬂﬂ@lﬂpd;md dgnm::n l:-uﬂl and also ohey the
parallclogram law of addition of vectors nré‘tathm quantities; such as velocity, acceleration,
foree, field strength -ets:

All the quantities which hadel &1 gt :
For instance, clectric currcrithigs fiaghitidcand dirdctianyict if is not a vector quantity as it docs not
obey the parallelogram law of addition. i
Importance ufdupi:ﬂm. "'-I'I fl 75 ' || = S - LN I
=  Woeather reporting Er.qune:rd'rmd:llef'mnd e o U
*  Pilot needs to know the direction of wind for proper Aight plan
»  Aptenna detects electric field arriving in a specific direction

*  Deflection of electrons in CRO depends on the direction of eleciric and magnetic fields

The scalar product of two vectors is defined as the product of the magnitude of the two vestors and
the cosine of the smaller angle between them. It is represented by a dot between the vectors so it is
also called as dot product. We can write

A B=AB cosh
]
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|A| cos i
VECTOR PRODUCT OR CROSS PRODUCT:
The vector product of two vectors is defi H:d'i.aﬂ r havlng a magnitude equal to the product of
the magnitude of the two vectors an een them and 15 in the direction
perpendicular 1o plane mntammg\ ms ‘|'_,

AXB=AB sini

AX B =|4] |8 singi

ﬂPERA.TlDN, I!l,--‘ _,.:E".ll I'::,ll'-\_':ﬁfl ]R*!.l "I'“E '” _I'_*ﬁ;l Il._ 1-i|- |'Ll

“Del’ is a vector differential operator represented by the symbol ¥ (Nabla).

When applied to a function defined on a ohd-dimensional domain, it denotes its standard derivative as
defined in calculus. ==, me, o of @ a e

When applied to a ﬁ&id Aa function defined on a mu!t:ndjmensu onal dmnam} del may denote
the gradient {J-:H:a]l}' steepest sdclpe} of a Statar field (or sometimes of a vector f field, as in the Navier—
Stokes equations), the divergence of a vector field, or the curl {(rotation) of a vector field. depending
on the way it is apphed

GRADIENT:
Ciradient operation is performed to find the spatial variation of a scalar quantity such as temperature,

height etc. P i 55
Vi=s—a, +—a, +—d,

a " av B

|
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Gradient operation on a scalar yields a vector.

Ex: Electnic field 15 expressed as gradient of potential

oF . V. V.
eV = (o i =]}
BT TR
CGradient vector always points in a direction showing maximum change of the scalar function,
dT =V Tedl = ﬁ"”ﬂ"{msﬂ
DIVERGENCE: w10 THE,

e
kel ‘2,

)
This operation is used to Eﬁﬂluﬁt@&nﬁ}ﬂﬂ@tﬂf p!ymp’a]}ﬂ’ua{@y emerging (diverging) from a small
volume. From the definifion of dwa_rgeﬂgb,% mrtstrm

—r | |
7 -
Here, we ohserve t}w& he dfﬂrrlgtﬁac :L a vector fyngtion
Divergence is a nga;q;i crf'hqw" thll
I.' Vi e |
r."\. = I

Ex- Positive churg:::#n !,:pnfcr af fiveer m:t

Negative cha gp’}a,ﬁf rr;_eu : gw. 'gt'w|r.|ig|;|ne ,

Tip of a 11:l.u1ta:E' head |5{|ﬂl‘t::e lu-...'bdﬁ" j/w,, #
N /
: X ¢
e "". G"\s’_{.._ -5"‘;(&7&’

CURL: —— L
oA A AT T T T & 1 T

In vector calculus, the curl is a vector operator that describes the infinitesimal rotation of a vector

field in three-dimensional Euclidean space. At every point in the field, the curl of that pont s

represented by a vector. The attributes of this vector (length and direction) characterize the rotation at

that point.

The direction of the curl is the axis of mtation, as determined by the right-hand rule, and the
magnitude of the curl is the magnitude of rotation.

If the vector field represents the flow velocity of a meving fluid, then the curl is the circulation
density of the fluid A vector field whose curl 15 zero is called irotational. The cur 15 a form
of differentiation for vector fields.

The curl of a vector field F, denoted by curl F, or V = F, or rot F, at a point is defined in terms of its
projection onto various lines through the point. If mis any unit vector, the projection of the curl
of F onto @ is defined to be the limiting value of a closed line integral in a plane orthogonal to i as
the path used in the integral becomes infimtesimally close to the point, divided by the area enclosed.

¥ =« Fis, for F composed of [F. F,, 2]
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I § %

- |é é @é
?:-:Fu& 3 2
B ¥, &

where i, j. and k are the unit vectors for the x-, y-, and z-axes, respectively.
Physical significance:

1. Curl measores the tendency for the vector field to swirl around
2. Dot product checks *paralle E-”-"- j ot ”ﬂ'-"ﬁ-ﬂ,_
3. Cross prodmahmu' i K

Let us now extend the concept of i
Line integral e

the integrand involves a vector,
P

.’:_T-: |
_ i *f'ﬂfhi curve L we define the
f'—":. | : Oy {.'DL
v ulill‘i:
T
f

.a.smenmmmgmmf,a

Surface integral N

(riven a vector i'eh:iﬂ., nuq1.|s: ace 5, we define the surface
mﬂa,@-,razdu:rr'th-ﬁel"hu:l-:1:--!5‘;"':f@;.éi @L_ A |§ ‘iL\f IT[] ._,.-;v’ &I Efif
A'E!];I}JIEI EELI‘RCHHDL\DGT
-—| '-,1

& I,JJ 1qif Notes.in

‘\_-

Yolume mttgr:ﬂl

Closed surface defines a volume for which we define the integral
fovar

As the volume integral of the scalar p, over the volume V
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LAWS OF ELECTROSTATICS:

Coulomb’s law

The electrostatic force of Interaction between two point charges is
a directly proportional to the product of their charges

b. inversely proportional to the square of the separating distance

. acls along the position vector joining the two charges
d. is attractive for unlike charges and repulsive for like charges.

Force on chargc iz due to gy ﬂ:paran:n:t by & distanceris

Htm uu

-i-'f:{f}

= [tcan be reg:nrea.eﬂﬂd Eﬁh i\ter]E qul] ﬂ? ﬂ]ﬁﬁrﬁum of decreasing potential
L 1 6 L

E = _[EE*’TW nﬂﬁi@.{-mmﬂm’

Jass_m_ﬁi“' ﬁfo-:be whhML&:P%EE_.":s.i, it

o

Lines of force emanate from positive charge and converge on negative charge,

=  Faradays Law of eleciric flux (not 1o be confused with the law of electromagnetic
induction):

The number of lines of force emanating from a charge is directly proponional to the guantity of
charge.

»  Electric flux density (D): [Electric displacement]
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» [t represents the lines of force crossing unit area normally.

D= Seex (D)
areal A)

If the Mux lines are inclined to the normal, then

= o i)
? areal A)ye cosd
.E ¥
= D=sk )T
= A a T( g IE &
-g Gauss Law: -Q'U'bf |' ri 4 'ul’
e
o (A miethend te find Eleciric ."mm.&% R@aﬁmﬁb  law bur has limitations)
> i
"ﬂ The total electric lux over a "_“.l_Mllﬂmﬂl i _1 enclosed by the surface.
I . — | | . g I,F] s
v a _4n'r - II I\ g )
4 \4 ]
T 'ﬂf‘u’rf E‘/@‘\
g- .‘.n;al—_l}.ﬁ i = I -_-:,__{ )
S J, e f
o | 5 e
D [ ﬂ-m]=q v hh. ?
g | 1 i f
CAMBR
INSTITUTE OF TE
v .
o - "ﬁ?]*. i N "r} )
= ':'L-"‘_--'" | t': |
5 @DigiN
E‘ Total flux @ =0
Vell=p
@

Applications: are only few..... Applicable only for symmetric charge distribution
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Gauss Divergence Theorem:
Statement: ¥The volume integral of the divergence of a vector field A taken over any volume ¥

bounded by a closed surface S is equal to the surface integral of A over the surface 8.
Ch

The volume integral of the divergence of a vecior field over the volume enclosed by surface 5 is
equal to the flux of that vector field taken over that surface §."

Hence, this theorem 15 wsed 1o converl volume integral into surface integral
Mathematically,
e divAdv= [[Jv (AA)dv=[]: A ds

Proof : Let a volume V) e enclosed a surface § of any arbitrary shape.

FICGURE 2.13

Let a small volume element PQRT T'P'Q°R" of volume dV lies within surface S as shown in Figure
T 13 As we know that flux diverging per unit volume per second 18 given by div Ai therefore, for
volume element dV the Qux divergmmg will be div AdY. If' ¥ be the volume enclosed by the surface 5,
then the total tlux divergng through volume V will be equal to the volume integral.

M div A d¥

Now consider a surface element dS and n & unit vector normal to dS. Let 0 be the angle between A
and 1z at dS, thea A.dS will give the Aux through the surface element dS. Where dS ~ n dS — area
vector along n. Therefore, the total flux passing through the surface § may be obtained by the
integral

T-Ands=[]S A.dS

But the total flux through the entire surface S [given by Eguation {2)] must be equal to the total flux
diverging from the volume ¥ enclosed by surface S [given by Equation ( 1)] and therefore

[ div AD,=[[SA.Ds
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Stokes theorem:

Curl of a vector over a surface 15 equal to the line integral of the vector along the line enclosing the
surface

j'j' VXH .ds = [ H.dl
K i

Czanss Mux thearem

We know that there is always a static electric field around a positive or negative electrical charge and
in that static electric field there is a flow of energy wbe or flux. Acwally this flux is radiated
femanated from the electne charge. Now amount of this flow of flux depends upon the guantity of
charge 1t is emanating from. To find out this relation, the Gauss's theorem was introduced. This
theorem can be considered as one of the most puwtrful and most vseful theorem in the field of
electrical science. We can find out the amount of flux radiated through the surface area surrounding

the charge from this theorem. r::'r’: #Mi]ﬂmlmuiﬂf: ;.*;"::_1

This theorem states that the total electric flux through any closed surface surrcunding a charge is
equal to the net positive charge enclosed by that surface. Suppose the charges 0y, (); %,

(), are enclosed bv a surfa::e then the theorem may be expressad mathe:manca]ly by surface integral
= mu | _| '; T =
s
o fl I' - "l . 'III 'lhll
Where, D s the Laa ds‘:mltv in r:::rult.hmbs."m and dsas th: -’.utwur{tlg.r :hrﬁ.':!ﬁd vigtor,

.I'

a5

LAy i — ’
Euﬂmuiﬁwwmumbw L i
S
In phyvsics, Gauss's I.'Iw for mﬂgnnmm 15 oné of the Four Maxwell's equatons that underlie classical
electrodynamics. It states 1hal the magnete lw:] | B has divergence equal Lo zero.
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‘Ft.ﬁ_

r '| l\. -\1 e g
f --.._I \ = I.-' 1 n Py
Il__.- i J 1 L ||[ :'i'"-"i:...l!l'.-l
Ampere's law r.i'l-fuh'mrm a:,mil'nhr.r;r{ﬁrfd;lf Fetlisy Enr} ' -l '

The mtegral around a closed path of the component of the magnetic field tangent to the direction of
the path cquals p times the current intercepted by the arca wathin the path

[B.di=pt

B=u

fioai=r

‘I
-_—--------------oeewe-:-:-:-s-ntiiiiiiiini’innniniisnnninnnnniniuu
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ini- 8
(Magnetic Counterpart of Coulamb s law)

The magnitude of the Mux density at a point due 10 a currenl element is directly proponional 1o the
product of the current (1), the length of the current element (dl) and the sine of the angle (sin®)
between the current element and the position vector 1o the poiat from the curreat element and it is
inversely proportional to the square of the distance between the point and the current element.

P
. g e
L T+ L]
U -
r':: —_
=
P — |; !
. =7 "-\._ = | s
DU | WAL
_":F,.f n ;,Jl I —p 'uvl;ll :
- Tl & | ‘ “ | —
dB =1 ri!'}i L ;r'ﬁ_. s < J_ J ) |_ .'[I Tﬁhl
41: IE 1.._—-|'|"' II*‘IIlll._I .."\-\._ I_,.,--' III-';:," Ii-?..'l-l ,I: |I
By K-"\‘\ A 7
= o Q‘x&w
i FTdlL5me L o

0 =

— |} . 5 e ==
Ao PP Iy N 1 ]Zr le\‘]'[ A Ie
CAMBRIDGE

Faradays law of EIMrug_&EﬁHJmm; TECHNOULOGY
S T -
The magnitude nﬁﬁiﬁguwkwi s ual toifie rate of ehange 6f magnetic flux linking
with it. The induced emé will bé in a. ircction vhich-opposes the change that cEJsE:s it.
dg =

£ =——

it
9=F_[;El..;ﬂ=_|'j % iy

[[vaeas =-[f %_m

. @B
vxE =-2
a1
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{ A fundamental equation in fluid dynamics)

The total amourd (of the conserved quantify mass, energy, charge, momenium ...) inside any region
can only change by the amonnt that passes in or o af the region threngh the boimdary. For ex

1. Amount Water flowing out of a tank = Net decrease in quantity of water in the tank

£
e —
= s s B
. N | &S i aaaa o
- Ony /A&
KA
W )%
> o
g g N,
W 2 Forthe case of flow of charedt =]
I e i e Y
v (24 ith L &
'-'i“-"ﬁ' i \ = | .

':i! J 7'51"1 L?g il V2 U Q!

':' |" | .-"-I + . L%
E_ Here 1 is current de g?ipqu, '&tﬂll densi .L_,__ |
o .-‘.-" 1 | il T .
a. Consider a closed epc.{?s ﬁ' hugqq i ::hqgig’d}qa&ggp If there is any
o charge flow out of E.,surfam;ﬁmén l:t'l‘.q a;naﬂl; 5 ragy  Wherelis the
D current density N : '—/,a

\ 3
Total amount uﬁ;lm@ﬂmmng nu?m_

Charge in the Enﬁfﬁ:ﬁ% ]F\jﬂI‘k:f_”T[ T fi::‘I ™

As the charge flows outwaids] ﬁ]ﬁiﬁlﬁﬁﬁéﬁﬁﬁhﬁmc decreases with time.

E Therefore, amou nt,x;f—ahaa‘gﬁ_ﬂ mvmgmma;dﬂ —-Dﬁ‘:-r:&&l} in the ne: marge inside the volume
S “_'*T-. Yl ¢ gl H~|[-' )ITes.IN

4 [ 7o m;__ﬂfpm: ' R -

oL

0

@

dn il
Ve lg———m=—=|¥ [
0w ma (V1)

?l[f-i-EJ:'D
&

|
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Amperes law yields a result which is not in accordance with Equation of Continuity

ﬂl!ﬂ!ji |IE f!illlﬂiilil] EI Eﬂﬂiiﬂ]liﬂ:'
Ve =0
Take divergence on both sides
1
VeV li=VVea.l T
Since the divergence of & curl is zero o 10 THE B
et T e A=
-u..\'::,"' T |II I. -II I| .-'-'I .f‘}l-rr
Vel =0 I-:i":':_-"f "._k 'q."l I'._J_II__II e '.?I

Drivergence of current density is zr:;:;; = tg&n;c"-ﬂ\‘ current density is equal to

h:f " ﬁdm in charge density
DISPFLACEMENT CURRENT— — ,_| P

N .'!_Ieﬂ | ] 1T &

In free space, the displacement current is related to the time rate Df'{:hange of eleciric field.

In a dielectric the above contribution to displacement current is present too, but a major contribution
tor the displacement current 1s related to the polanzation of the individual molecules of the dielectne
matenal. Even though charges cannot flow freely in a dielectric, the charges in molecules can move a
little under the influence of an electnic field, The positive and negative charges in molecules scparate
under the applied field, causing an increase in the state of polarization, expressed as the polanization
density P A changing stale of polarization is equivalent to 4 current.

8.0

&

J=
Ve SN AV IL LY

I JL B Gl B

IN ETJTUTI OF TECHNOLOGY

MAXWELL- ; A

SREIN, iha?ﬁqtmdn Irfut:qu;mtﬁuu:m« m'nﬂgﬂ'lm :’mw'[; Tatw.

Maxwell found that if a new term

right hand side of Ampera’s law,

Take divergence on both sides

Department of Physics, CiTech
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Page 48



Go Paperless - Save The Earth

@DigiNotes

ol

?-(‘FHH}='G'-(J+—]

ot

Since the divergence of a curl 13 zero

! .

J

|I '-\.
Divergence of sum Iﬁnrrﬂnui@%{ cem rrl-ﬂﬁﬂnmlﬁ; o,
| atuM Dtmﬁ, Maxwell's equations

These squations dmcmaﬁm n
are given as

“-.ﬂ.ll l:rf":"m i

.-"‘"'1
'E'@I" a ._1..-:9"' A I_'.
F'E3=p [H"TTH'UT[ 'DF TECI'IHDLGG‘]"
ﬁ-l_-n_l | /:I |||_.-_.-| r]-_\ ‘”__,.-\.., "_I:.-"-‘_":I- ”:‘[‘..r—all

- AR o § 15_33 I

VeB=0 _'
an

"E"'E'H J+?

T
VX E=——0r
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ELECTROMAGNETIC WAVES

Wave equation for electric field:

 an oY i 8|, BE
er,_F ‘F[EJ V E= L J+5 Y
'E P
Va(Vill=-u -—['{-’x H]
& B . &8, §. T
w v *'-’_.HE Tadan? T
10 TH S S
W 2 = | E
e 7 1~ Y :
v = ¢ = 1 '-. b | . L i i
b Vi Vi k] v[v.;,] VI %@fgﬂ: U 3":".-;.. - ﬂ-wﬂ ”
] o ;{’/ <2 o
E g _ .
N} ver=£ '
' " %:—a
(,
ﬁ Plane waves: |
s b
[ These are the ele gf&iﬂj:ﬂ r&( yﬂmufmm over a plane
g_ perpendicular to the r
o 4 p
a. £ 9y ‘JJHI “‘1\?
=] 8 o
R LEHL—QE ey
3 -*h' &t
H H HI— |
Y A D ] "[‘; W S 0
CAMB R E>&
IN STiTLTT[ OF TEC[IHDLGGY
“ i
u - l':lll -\“-, } .-'jl -
S @Diao *EL%F Al
4 . — ; &y (8
e ﬁ.lrl a-E..- . ﬂL F, - — E ) il = ] i
o VaH=—ti+u—p+u—: e\ i P
E o il ar
@

H, =—gvE, == |ZF
s qu :
EAND H ARE PERPENDICULAR:

EoH =(Ef+EZ)H 3+H)=EH +EH, = I-.',_[—JE]F;. +E, [i)f-:, =0

H H
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In an electromagnetic wave, electnc and magnetic field vectors are perpendicular to each other and at
the same time are perpendicular to the direction of propagation of wave This namre of
electromagnetic wave is known as Transverse nature.

Maxwell proved that both the electnc and magnetic fields are perpendicular to each other in the
direction of wave propagation. He considered an electromagnetic wave propagating along positive x-
axis, When a rectangular parallelepiped was placed parallel 1o the three co-ordinate axis, the electric
and magnetic fields propagate sinusoidal with x-axis and are independent of y and z axis,
The figure shows rectangular parallelepiped along positive direction.
- TO THE ,.
-.*-.":?-i'fj t .'*T’{f_"ﬁ (7.

tH~
1
,FJ ’F‘ ,f;al 11 W I T N

The rectangular |:u1|41|l¢||:1:r:ip-ed dr.nes not enclose any charge thus 1I1£' t-:ntnl electric flux across it must

br:z:-:.m’lhmlawisgél |:| )ﬂm r‘- IR
rare (o I AP JULI

Have you ever anchnrﬁd one n:mi of a rope and I1n:1d the other end | m your hand? You can create a
transverse wave by moving *,Iﬁuf‘hands. in ction -'—-f

The electric field remains the same at different pnin’rs on X-axis; th:s proves that the electnic field is

static in nature. I is kntwiﬂﬂuﬂwﬂdi@n At sl WadE, Bthce Ex = 0
INST ITLTTE OF TECHNOLOGY

(ol I A~ f. A WP D @R H B4
The polarzation state 15 one of the liu:du.menm] -::ham-:ten:hm that is required to study light. There

are three states of polarization that &€ Used 1o describe light

1. Linear Polarization
2. Circolar Polarzation
i Elliptical Polarization

l. Linear polarization

If the polarization of all the electromagnetic waves in a light beam can be made so that each of the
electric or magnetic field vector to have the same orientation, then the light beam 15 said to be
polanzed. Because of this, there is then a wnique plane which contains all the directions of the electric
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or magnetic field along with the light rays This type of polanzation 15 referred to as plane
polanzation or linear polanzation

2, Circular Polarmation

The second polanzation state 15 referred to as circular polanzation, Circolar polanzation can be
described as the vectors of the eleciric field is rotated at a point in space in the direction that is
perpendicular o the plane of propagation, insead of fixed orientation oscillation. The electric field
vecter magnitude also remains unchanged

Circular polarization can be further classified according to the rotation. Looking al the oncoming light
wave, il the electric feld vector of the light appears 1o be rotated in a clockwise direction. then the
wave is referred to as nght-circularly polarized. On 1JH:! 01]11:1' hand, if the light vector appears to rotate
1 a counterclockwise direction, %f&h\ WA I‘T%{Eu]am-' polanized

.“\-\_\“_-'.
— _—
3. Elliptical Polarization —. mﬂ
. IC

The third state of polnzation is calied elliptical polanztion. Elliptically polanzed light consists of two
light waves that are lingarly pn|an'z-m:|. and having unequal amplitudes but has the same frequency.
This resulis in a light wave with glectric vectiors that both romies and changes 115 magnitude. An
elliptical shape can be traced owl by the tip of the electric leld vector, and therefore 1t is referred to as
elliptical polarization. It is also worthy to mention that circular polanzation is a special case of
elliptical polanzation. The polanzation of a uniform plane wave refers to the time varying behavior of

the electric field ﬂtﬁgepﬁ{[w& n&:’i} j /é.”—'hé;‘,—f *::IIT
: : N\ —

E. &
E,
E = corsnant.E, 1
+Ea,, I
1.= g
Ey=eomstant. i Phase difference between the X and Y Phase difference between the
components of electric field wall be components of electrnic field will be
out of phase (not equal to 90”) out of phase by 90"
Linear polarization Elliptical polarization Circular polarization
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OPTICAL FIBERS

# Fiber optics is an overlap of science and technology which deals with transmission of
[1ght waves mto aptical fibers, their emission and detection.

¥ It is a waveguide through which light can be transmitted with very little leakage through
the sidewalls,

¥ These are essentially light guides used in optical communications as waveguides.

¥ The principle behind the transmission of lght waves an optical fiber is TIR( Total

tnternal Reflection)
¥ They are transparent dielectrics {mﬁl p’g!q H-gp.m:le visible and infrared light over long
distances. D 3 : | '|| r~ ffr"r_
CONSTRUCTION OF nﬂicﬂ glggg_”—'-.t-; LD

e R

Polyurethane J"’Lk‘fl Cladding !'—ﬂ]ﬂljmm h

=l | |
= Anoptical f'b\}:!r 15’-ﬁyi'pdnfaL|in! hﬂql: I || N|
o Ithas two péftsa) innee pait r{c\m mwr[ﬁmt I
s The It'lllE;J‘IEI[L'IB made n{‘E]a!"'- ar piasm: Wc}llmml in sﬁa_pg,_ it is called core

—=x s

Core is having high refractiveindex .

.-"

o QOuter part is A COncentric: cylinder su?rqgﬁﬂiﬁ};the mmﬂ:u:ntﬂ:d cladding Cladding
15 also made of samg mfen xﬂth Iaﬁer[ \re_;rnd,zx—

s The pnlyurﬁham@cﬁj&ﬂﬂ‘ﬂﬂ close, cl ﬁt_gg which ﬂfggunrds the fiber against
chemical reaction w %ﬂﬁ ‘ﬁ!tf’f‘t*!‘tﬁow

=  Many ﬁbers :;hh_m}} are pmte-:ted individual jackets are grnupaﬁl to form & cable. A
cable may/ t’ ufﬁne e spveral hiﬂdrh,l:t m:;h—ﬂhe;@ 0 Be

TIR (TOTAL INTERNAL REFLECTION) | ) | A U

It is the pnnciple behind the Transr.r.:.i-ss.inn of light waves in an optical fiber which is a well-
known optical phenomenon in physics. A ray AQ, travelling in a medium of refractive index n,
is separated by the boundary XX', from another medium of lower refractive index ny Son, = ha,

The incident ray AQ makes an angle 8; with the normal in the medium of refractive index n,
The same AD undergoes refraction into the medium of refractive index n; and it bends away
from the normal, since my = my. 8; is the angle made by the refracted ray with the normal.

|
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Bk "l‘. .mﬂ—-ﬂ‘_ I “J
\'\-_Hll il el
- W AL I ’
x 05 BT x'

A!

If we increase @, for cernain value of Q_Emﬂi ical angle, B = 00, for such a case, the

refracted ray grazes along the bou "_tilzui“ I}B while incident ray is along BO.
':...
If 8> B¢, incident ray CO alw Ecteﬂ'b'faﬂ‘ﬁ)ﬂmﬂ;ﬂ't same medium 1o which it is
incident on the boundary. These '}ﬂac = ﬂ#@f__%l ection.
I ol IIIlIiIII[IJII 11 N
For refraction, we have the Snell’s ' Lir—

.-'.-?'-

| | 3 = o,
nysin B, = ny sin E; L._ —~ f e
/;1 |

For, 8= q@)\iﬂ

n;smﬂ.;—n-_.san?ﬂ”

|
L

L
M

e
n
mn

= slﬁg’:

[(I}lrSTITUI E OF TECHHDLDGT

i e i'|'\-\.

Exprlain .&nwnp.!fnﬁtﬁﬂtr{'u':‘ﬁ M% [I .'- I.I. :,»_-"- *_'};' - !] [le

“Optical fibers are the devices used to transmit light eﬂ:‘em1r‘el}r along any desired path.”

o  Optical fibers work on the principle of total internal reflection (TIR)
= For total internal reflection there are two essential conditions, they are
1) The light ray must pass from denser 10 rarer medium.

2) The angle of incidence must be greater than the critical angle i > ¢
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Hﬂ-‘f—_ Core

e

S W O
A waveguide is a mhula:“ﬁniﬁ@tp,l};nmgﬂ'ﬁdﬂgj 3@!‘&’&’5 some sort could be guided in
the form of waves. o o 9 ;a,
The wavegmde aqallyﬂ i ali - ide or fiber light puide

achieve TI R Ci q ci'ql‘e

When a |:§(g,j’f]§.$$ ' n;g,‘q&i' lmh %I&_hlﬂ] reflection and
finally emenges al Eh _ g:‘s:nm% Jof emergent light is
almaost same 45 1!{:![’13'[ in tical ﬁhﬂﬂ,lmqsmu light effectively
along any deﬂrﬁﬂ p:.m |_ - B g

—_'l'" '___.. ,_..1 |

i _".

e Consider a ray AU e nnﬁ ﬁ:ﬂn} s i ani| iﬂ#’& althe fiber axis. Then it is
in"

refracted along %H—ahg!l-e er-falls at critical angle of
incidence (equal to PGSO B Bol i TileTate Metvicen Yore and cladding. Since the
incidence L;.ﬁﬁucaF angle of mm].err:;e mp ra].-' |5'. refracted at 90" ID the normal drawn to
ﬂuemta'f'at:‘e’i't_*gmhﬁ‘qlmu;ﬂff e I Xt = g

Any ray thatemters i-mé’ltﬁi: core Ll an a?\ﬂ L"ﬂfiﬂﬁldﬁlﬂﬂ h:%! thaJ Ih wlﬂl have refractive
angle less than B because oF which its angle of incidence 90"-8; at the interface will
become greater than the critical angle of incidence and hence undergoes total internal
reflection.
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o I oy

- -_-'_-
A, Iscident ray

e 7T T

s O the other hand any ray lhai en Fﬁ_‘{l‘pﬂﬂ n::f mcidence greater than By, will have to

be incident at the:mmfacﬁ ucal angle, it get refracted into the
cladding region. Then it )‘.ﬂ’tfﬂi ‘{ﬁs |aﬂdmg emerges into the surroundimgs
and will be Iost, 'iu"'f & 3&?

¢ [Ifnow DA is rotated amudﬁ m.“ ' ““ Qﬂme- it describes a conical surface.
. Th:rcﬁ:rrﬁ if a beam conve 14 Al ” \ l“'* E core, then those rays which are
' : tally 1%“3 reflected. and thus

Ll ! W J)
|_ g llll"'l : h,
o |.-__7"’ a'f I-II
Let ng, ny, n; be tﬁ refractwe mEP.'as - core and cla.ddiﬁg respectively,

For refraction at the —i‘nﬁ'—t‘ﬁlr}r of the ray " inio the mﬁuﬁu! v Snell’s law, Le.,

e C.ﬁhﬁﬁ]& RIDGE

fosin = 0y sin 6 | H’f‘l’ﬁ‘ﬂh‘E OF TECHNOLOGY

Al the point B ,.Fa X .” ” o oo o0 ~
{ fLaA - P = -"',-_",._-":5' L, -
The mgle@'mg;ddic “iﬂjl| J B i | & o ” [f H
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Apply Snell's Law
m sin (90°-8;) = n, sin 90°

mcos By - na (sin 90"= 1)

Cosf=— —— (2)

Equation (1) can be wntten as

Department of Physics, CiTech
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s — ;IL\

If the medium aurmundm,g the fibe

Therefore, Sm'ﬂn— n ,E"

I

.

Vi
If i th fincidence, th
i 15 the angle of1 udéha}
(Or) sinﬂwimli: A ™
(Or} sin B, {,,"n'\ e

in 6; =
R MBRIDGE
Mote: for light pmpagnmmﬁmnﬁ ] o oy

4 =

&
J;:éiqLc:Eﬂ{E’] Mwﬁ%ﬂg D:E‘elam the core and

cladding 10 the refrac:uve index of cGre of an optical fiber.
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BELATION BETWEEN N A AND
From equation (3) (ny—nz) =m A -e-eeme {4)

NA=ymE —n

=4y ) (ny-my)
- .,l"{ni Mzin from eq<)

Since, iy =y, (1) + fiz) = 2n, .;:_‘iu-'":"*.: 'HE ,, _
) - |'_"|| =~ .-'rf,o-.
peb A= 2n .;‘_'?.:..,-‘ > “IIIJ |'_.|'I .-"" P f?‘;"
SO
NA= ¢ e 'xr'_:_F
| N
| | | — ]
5 o B
MODES OF PR{}PAW :[-|_ i L <& N\
Mode can be ﬁﬂrﬁ?&’] ._r - | :I A _I.l,-' l‘\f Euﬂ
s The pate nﬂaﬂm!Jl i al'lrjlg g N
»  The light ray 5 dlon dich the : m?uigﬁ e fiber,

p@}hte n Hﬂr of allowed paths

J-..

= [n mmplel; 5 I}rej‘ﬂn‘

of light in anloptical fiber,

Through it 15 tx}qm:d that a!l e TEYS, HER T Iht‘?l.-uﬂ: at an yﬁgi: less than the
acceptance should mﬁ_ﬂmwm it is notepef theoretical Er:lhn:tpphmhm of Maxwell's
equation, we can get 1 ke that, ?u.[ 115&; th 'H'B"’ih'f‘r?’“'f within the waveguide
acceptance angle, only ﬂlg:i Jfﬁqa 5 ﬁﬂ_ﬂﬁi\!l _a_ylnfsgra,jf thddes will be sustained for
propagation in the fiber,

INSTITUTE OF TECHNOLOGY

V = Number is given by
vat 2 —n
Where, d is the diameter of the core, A 15 the wavelength of light
nj 15 the B 1 of the core nzis the .1 of the cladding

|
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O v= NaA

I the Giber 15 surrounded by & medium of B 1 ng, then the expression is

y="d fﬂ_;ﬂ-;..
g

For V=>1

I : i 1 I 4 1
Optical fibers ﬂe:ﬁmﬁ@ﬂmgﬁi ' dtie:s g_;ne]}r '!'||_| _"_i_-"r h“. ]

Single mode fiber: - CAR

Number of modes =—

E.'E.Fh«& R I profile of the fibers

el lImﬁ:lrm refractive index

/ il d:h;ﬂiph,m constant or subjected to
& in araded i lﬁ?ﬁ‘}qulnmnde fiber)

| 'h]_d with ‘respect to the radial

In any optical ﬁ[‘l_

value but the refractive u‘ﬁ:]r::'
wvaration 1|ﬁ cﬁlﬂf ;.{r:agr

Flk !

The curve wﬁﬁﬁ J;epmsﬁlits
distance from Jdlerairnmf tﬁn

a) SmgFE:q]EE ﬁ]:er

L Y ==

¢) Graded mdexmuh: Ude\ﬂ %
__‘x

-_-: B
DAC
INSTITUTE QF T[C[IHDLDGT

Here core material I-.as untform refractive index value.

Cladding rﬁu urﬁﬁmn reﬁ.‘q:twé i'n\d I:g_ul\uﬂml F-I,_EHE"}TBEIIE' than that of core. This
results in h‘:mﬁi@ in_ d':fe,v%tm E..J.-ﬁ'ﬂl:ﬂ da;[dj.ﬁg.";u Dﬂi‘ﬂd ,|

R.L profile Iﬂkﬁ‘-'ﬂ- the shﬂpﬁ: step.

Diameter of the core is 8 10 10 pm and diameter of the cladding 15 around 60- 70 gm
Since the core i1s very namow, it can guide just a single made, Hence 1t 15 called single
mode fiber,

These are the most extensively used ones and constituent 80% of all the fibers that are
manufactured.

They need lasers as the source of light.

It is less expensive, but very difficult to splice.

Lised in submarine cable system.

|
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Here, the core material has umform refractuve index value.

Cladding also has uniform refractive index but of litile lesser valee than that of the core,
This results in 4 sudden increase in the value of R.1. from cladding to core.

EL L profile takes the shape of a step.

Diameter of the core is 50 1o 200 pm and diameter of cladding is 100- 230 gm.

Here the core matenal has a much larger diameter, which supporns propagation of large
number of modes,

R.L profile is also similar to single mode opheal fiber.

Uses 1.ED or laser a5 source ::lf'llgh’r

It is least expensive all and 15 L;' Hﬂﬁ "ﬂi’fh has lower band width requirements

.--| |

E‘
index multim i \ u .'_;
.._;._-_’..f"_' q."'lqc:l" f,-" '?1":'-".

YOOt 250 jam

lg——————— = |

I ..-"d_"“'xﬁ:

- o —— s Ry
0 pa 200 s I.‘ _(._':.'
S
f ==
El
§ | i Hefriilihe
i brude s
| prefile
I
T Radial Datamee
Ras propagatizn
] R_"\-\-..,H = : T"
—rg '__;_.___\_\_\-\-\ E -
P e ——u —— 2
3 A
flld’dllt.r

) N v W W o B J - o L

It is also denoted as GILH

The geometry of GRIN is same as that of step index multimode fiber

The special feature of the core is that, its R.1. value decreases in the radially outward
direction from the axis, and becomes equal to that of the cladding at the interface But the
R.L of the cladding remains unifom.

Diameter of the core 50 to 200 gm and diameter of cladding 100- 250 gm.

Lises LED or laser as source of light

Application is in the telephone trunk between central offices.
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The power loss suffered by the signal when it propagates through the fiber is called Attenuation.
It is also known as fiber loss.

Types of losses in fiber are:

i) Absorpiion

i1} Scattering

iii) Radiation loss ﬁ\.:-"-’l AL, {E £yy.
: s " '“x".* 1;"._ L) -IIII / "“f}:r
i) Absorption loss; 5"‘-’; AU 'ﬁ

a few pim{ﬂn_ﬂ. asmtai&d,ﬁ] bed by the impurities present in the

e

fiber This lf:!-u}frlﬂ-fl.:i:rhﬂt' -t
b. Intrinsic 3%6«' nf]i . HF:'.e |!& the fliJ-Ef matenal assuming
that there aiffﬂq'!mmiuéfq ; 1 \_| | ( I,x \
24 A 1~ A W R
il:.l EEHHEE“W Inﬁi "kll k = " -'é "'--".II
I : "".
a. Rayleigh scatiering . | .

When a sigga!_-;:\upaw'ﬁs through the fibet, a fe otons mamtﬂu-wui the signal are
scatiered b}'\ihe; scattering objects s 5 ih'l &5 presenl in the ﬂbﬂ“’ The dimensions
of the 5::E.ﬂenng_ﬂﬁjéﬂﬁ-‘&+twr}r small ed to the wavefengifraf light. This type of
scattering is similarta Raylei ]| ﬁ ﬂ'Tet :ﬂﬁﬂ"cimi of scattenng is
inversely proportional ta ﬁ‘[&e

’ ~;::,;;,;,1,;;" Qb [HDLDGT

e e T i T I' an
L W T, o - e Ny 0
S o WA e l i S . J 1 ._|
WA, S AR e 5‘5:
e e T,
Scattered
photons

b. Others: Scattering also ocours due to trapped gas bubbles, unreacted starting materials
and some crysiallized region in the glass.

i) Radiation loss:

It is due to the bending of fibers and 1t can be explained as Follows:
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a) Macroscopic hending: They are the bends with radin much larger compared 1o fiber
diameter. It occurs while wrapping the fiber on a spool or turning it around a corner, If

the bending is too sharp then the power loss becomes very high.
i

- &

?;;’J 2 Core _F?f

P
T R Y

i ot
L) Microscopic bending: -;‘:ﬁ'afﬁw I{IE'.." aﬁ:igmiﬂmmy in the fibers while
mnde&

manufacturing. Because ;?ﬂtl

r"—\_

uhdﬁrgﬁ- &Iﬁ’age which results in power loss.
EladﬂingT
il s ol i

i |
| 1

) ‘3““‘- (]
(. 4
J SN {
b Leakage of photons S)
.._l:'. . f d i -..I

EXPRESSION FOR A TTENL IATION

By lamberts law %ﬁ[ﬂjﬁqf@ﬂ#:ﬁfﬁ

the initial intensity P”. |, {r"‘”‘ g i

WI]T I_; iif-.ﬂirecﬂ} proporticnal to
W T IG

|.L

-“& E WTH%T]: OF TECHNOLOGY
— [ o I“' _: - . -
= = I_'.'._'-_'| - r“-. a1
cemmacdiin bt@| N OTES, 1N
i P -

Where a 15 a constant called Attenuation co-efficient.
— =-adL
By integrating both sides we have

J—=-a[dL 2)
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An optical fiber of length L

If Py, is the initial imensity with which the light is launched into the fiber and P, is the intensity
of the light received as output end of the fiber.

Equation (2) [, — =-e [, dl
=-a L (Apply the lower limit and upper limit)

lage Pou — 0% Py --2 L

G\ VAELY 5%,
2= - =|ogg {—] —.-BE"E,.M!I:IEHETEI H‘:{.{" ﬂ".

An optical fiber technology it is :
follows that P

|} The length #ﬂfﬂ{ﬁﬁﬁf &
i

2) The umt ¢

Information swch Biaary
&5 voboe analig Cﬂu_
Ebectrical J
algmal
£ L L4 | Optical
',,E Transmitter 5 |
r ."I ...l
Diptleal aigmal Light saiires
|, mpulss .
Photo Bimary — Informatiom
detector | glociricl Decoder Again in
sigmil Anslog form

Heceiver

Optical fiber communication 1§ the transmission of information by propagation of optical
signal through optical Obers over the required distance which invelves diving optical signal
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from electrical signal at the transmitting end and conversion of optical signal back 10 electrical
signel al the receiving end.

b

>

mmmmcamiﬁ.‘r;ﬂﬁn

. The materials u:-.E“F"mFL t‘I'ﬁgr.rEIr .u'h"%’l’ ﬂ!‘é;me‘ind‘ﬁfaslin, both of which are

]

Firstly we have analog information such as voice of a telephone user. The voice gives rise
to electrical signals in analeg form coming out of the transmitter section of the telephone.
The analog signal iz converted to binary data (digital) with the help of an electronic
system called coder.

These electrical pulses are converted into optical pulses by modulating the hight emitted
by an optical source, in the binary form, This unit 15 called optical transmitter(converts
electnical signals into light 5|m1-;nlr-] ' T ”,E

This optical Signal is fed in

Chut of the incident light wb;.t % Tl'i.mn Eti]nt&th&{h@wﬂhm the half angle acceptance
cone, only cenain mndes""‘m[‘r«be I"" within the fiber by means of

total internal reflection. .fﬁ"hl.l-ﬁ" ;5,, =I|._ signal ‘indergoes attenuation and delay
distortion. Delay distortig | it

jglity of signal with tme These
effects cause de r_a_gtmmn K

I ) tes and may reach a limiting
stage beyond whichrit mﬂ;.- i eye 1hﬁni"|‘t‘511mhn::n from the light
signll. {55/

The mmi.j%r:cht:Eu‘f ﬂF& h :gi'h:-;';t'h L&}:—u:a] signal into
corresponding g{emcn:lslﬁn |

MFJ_iﬁ_g:ﬂ | fecast in the original
part of ﬁer.i section,

Lastly uaingtha % apder, tﬁ i Cony rge-ﬁh;:n-c’ll. to analog electrical
signal, which il bewmﬁfwmunnm ‘a8 vAIEE, Whicl was t}wré at the transmitting
EHI:I 5 - j I—."
" -5" *-».- , s
g %%_ :

|

,-:{ h|.+' '-,.-.-‘1

easily available at IEHH:EEI TUTE OF TECHNOLOGY

Because of. MM%M anddight weight, fibers are must gasier to ransport.

The signals !ﬁmamw o1 padie q'ld Téie[ianmumﬁmmﬁ :atiﬁh-ns qrfrﬂn some electronic
cqumtmﬁwﬂ.mmmﬁsﬁdfé;ﬁm from | ulitening L‘:-r-spﬂ?kiﬁg e ILI:Jb'v':.an.u-:: disturbance
in the metallic cable, but cannot do so for the fiber cable

Since the signal is optical no sparks are generated ag it could be in the case of electrical
signal, hence it leads to protection from comosive and flammable environments,

DEMERITS OF OPTICAL FIBERS

1,

2,

Fibers cannot be bent too sharply, for sharper bends either the fiber gets broken or light
Fails to undergn Total Internal Reflection
The optic connectors used o connect two fibers (splicing) are highly expensive.
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3. Whenever a fiber soffers a ling break the operations required to reestablish the
connections are highly skillful and time consuming.

4. Fibers undergo expansion and contraction with temperature that upset some critical
alignments which leads to loss in signal power

CAMBRIDGE

INSTITUTE OF TECHNOLOGY

@DigiNotes.in

|
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MODULE-4
QUANTUM MECHANICS

Cuantum Mechanics is a new branch of study in physics which is indispensable in
understanding the mechanics of particles or bodies in the atomic and the subatomic scale. The
term guanium mechanics was first introduced by Max Bom in1924 Within the field of
engineering, guantum mechanics plays an important role. The study of quantum mechanics has
led to many new inventions that include the lazer, the diode, the transistor, the electron
microscope, and magnetic resonance imaging. Flash memory chips found in USB dnves also use
quantum ideas to erase their memory EE]LE 'TH._& E;i]ﬂﬁ;t_:s?anue of Manotechnology 1s based on the
quantum mechanics =[]/ > .--"r.,-r.l_lrr
Prowons, neutrons, el ectrons and FIEIWHWWE%E%&I particles

According to de Broglie hypotl _P;;!_' W ifi-metion a::e_assmmted with a wave

known as matier waves nr"'iib Broglie waves. : e
When a particla hdpnjdﬂmnmm e Hm& ie !-L'nwlﬂrgl:_.'hfﬂii; nilq‘cl.i::'r:ﬁ'ave is given by
] 2 .. i .\_-.I L ..:- [
R B
;I.- = o i —] v 1 I “ B, |
pomy Jl | | | ) | II| | AL
| - 'H. ', '.I | . & g I|
The above E!:]llﬂtll'_'ll'l .js_l:nﬂwn as &e Emlg'uﬁ wWave equan p‘i}“ __' -_1 '_

HEISENBERG'S LNC

INSTITUTE OF TELHHDLDM"{
One of thr.'- fundamenial ]:lrlmzplrss of quantum mechanics is the “Heisenberg's

uncertainty principle”. "The mmr;:yl-e wa-a formiilated-[h. 1927 by Ge;mm physicist Werner
Heisenberg. It is a{s(} t:a[ﬂer.i th;ﬁudcl.e:fnunaj:y prlnmple 7'_'_ ~ | i 1
Statement: =

“It is impossible o determine preciely and simultanecusly both the position and
momentum of a parficle™

Further, “in any simultancons defermination of the position and momentum of a
particle, the product of the corresponding wnceriainties in the measurement is equal to, or
greater than (h/dmx)”,

AxAp2
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Where Ax represents the uncertainty in the measurement of the position of the particle and Ap

represents the uncerainty in the measurement of its momentum,

Heisenberg’s unceriainty principle could also be expressed in terms of the uncertainties involved
in the measurement of the physical vanable-pair, energy (E) and time (t) and alse angular
displacement (0) and angular momentum (L).

If AE and At are the uncertainties involved in determining the energy and time respectively, then

&F At 2
Mithe,

Similarly, if AD and AL are the ul:ll;ﬁ'-lmnltn:; qu‘.\h‘cd I -c!i?:(tg:rm:u‘unhl the angular displacement
and angular momentum of the pat I.g rm-pwhyetg. 'lhtn 3 .-’.-

where, the notation A Iﬁqﬁﬁtﬂd with the reﬁpﬂ:tw-ec- Var Iﬂb+ lrd-l'i'-‘.&uﬁ 1hE- minimum unesrtainty
involved in the me-a.sufﬂlr]nquj‘“ﬂm ot ﬂq:lﬁndﬂ]@ﬂ-irla’tﬂr =

y
I-:-' -'
_: .-

L 5|gmf'1::-.'ﬁ|at aru.] :-.heud i Ihm!- about fedes lm.: ‘nfEf‘{l.tH- ﬁ:ﬂ' the position and
momentum qf& pfamd: Tis tﬂ-ﬂ ane hl‘l‘,+ #d 1h|nk,ul'r - :Jnf} thid pljﬁl-bﬁbll: vitlues for the
position an rpnmenfum' . J I

I'I' b LI .'--._. 'I [

s The esumaﬂ-mi—n-f -&dch pmbam.lmag are rgﬂde by maﬂqemaﬂﬁd—-mnnuﬂns named

r}ruh&btllw density functmns o Lo 4
B~ '\;\_.R::‘h-\._.- g

APPLICATION I')F.H'_ 4

a5 . Ty Jin 1| [
Ly B J W N . W

MLMM-WM TELHHDLDU:

As an application l:rf Hﬁ.ﬁlﬂbﬂ'ﬂ 5 unnﬂ'l‘almy pnrm;d: - we consider ﬂ‘lﬂ m of "Non-existence
of electrons in Thenunleuﬂ" 'Ehm g I.'mad on the J:Ib.ﬂﬂ?ﬂ:liﬂﬂs mguldmg rlhp u;hﬂsgmn of Perays
during nuclear decay. -

. Becquerel demonstrated that E-ra].rs are actually streams of electrons. During B decay process
it was found that the emitted Berave travelled with different velocities. Becquerel demonstrated
that f-rays arc actually streams of electrons Their kinetic energy vared from very low values to
a maamum vilue of about 3-4 MeV, Hence the obvious question, iy & possible thai elecirons
exist inside the nuclfens with covtain energy, ond fhe same energy appears ax their Kinefic

encrgy when they are emitted?”
According to Einstein’s relativistic energy-momentum equation
' =¢ []:n1 + mn:c“] ................. in

L _}
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where

my = rest mass of electron = 9.1x107 kg,
p = momentum and

¢ = speed of light = 3x 10" m/s.

Now, for an clectron to exist inside the nucleus, the uncertainty Ax in ifs position cannot be
greater than the nuclear radius. The nuclear radius is in the order of 5 X 10 m We can take this
value to be approximately the maximum space of confinement. Thus the maximum value for
uncertaintly in position ¢an be laken as

(A €S X 107" m "'I:J-IT“ II'”E}’.'

By uncertainty principle, a ’\III i'—]' i 5 i’}f
: J U e
= L »
-l H{.J . ¢
i X
I 'I:'I A
s € )
[ 1\ I'[: =7 I
I . .-l-"" r\-f I:F'!'llﬂ
: W)
| _.-'I] .I_..l'
,—uh {
| 3o L L
This is the uncertai #t nt ::I”hl: e o, #-ﬂtpﬁuf mo tum of the electron
miust atleast be theuﬂr}:mamty & momentu can t =
fPi};*HJ_r._E__I.I %I N8 ) e /"
We know that the restmass-of-the ela:m:m 5 1 X 10 "=I|E=l

Using th li ' : that for /the e to exist inside th
sing the ineguality {;E:?ﬂﬂﬁlﬁf ]\B @‘aﬂﬂ Eeﬁtﬂns o exist 1ns e

nucleus, its energy E mu
EJ > 17" N TUTE OF TECHNOLOGY

o 3 0" [ (L1 X0+ (010X 107Y.(3
Since the secnnd ‘ms: ﬁ:}uﬁ ‘éi'l {.‘r mu‘ﬂ'ﬁllll. 'ﬁ |lIE-; hﬂﬂm}eﬁ:;{ TI"L]

I:E.:I-ln} 20, ﬁt\} -

This means to say that for electrons to exist inside the nucleus, 1t must have a minimum
energy of about 206 MeV' But beta-decay studies indicate that the kinetic energy of f-particles
is of the order of 3 to 4 MeV. Hence, we can conclude that electrons cannot exist inside the

nucleus

In quantum mechanics, because of the wave-particle duality, the properties of particles can be
described by a wave. Therefore its quantum state can be represented by a wave of any arbitrary
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shape This 15 called a Wave function.

The vanable quantity charactenizing matter waves iz known as wave function. It gives complete
information about the svstem It is also called state function as it speaks about the physical state
of the system.

Wave function is obtained by solving a fundamental equation called Schrodinger equation.

It vanes w.rt position and time.
It is denoted by a symbaol ('F)
Y itself cannot be an observa qﬁuﬁﬁ ‘d.':[' has no direct physical significance
'V can have real valucs or i *';
%, i .
Propertics of wave function o) _‘.;,_I"-J—"-’-_%E:J' 7 '?,..r
Property I: w is single valued

A funciion f{x) which is not single valoed ow
three values, f), f; and ﬁ}m _- 4 &
if f{x) were to be yaue I"uﬁm

______ vl is shgwn in Fig. |, Here f(x) has
" ﬂﬁﬂ”’f—ﬂ it means io say that,
,pﬂmtle\has three different

values at the mlgladirl]m P' 1]:]1 p;i d. ; : ﬂf‘nﬂmt iﬂr{bﬂﬁpﬁ:epl&hle
’ Il | | i ‘ q_| ;Hﬂn T
- L | | \ A\
E N %';;; ff';_ ; 7
a Figure: i,if';

T
Property 2: y is finite E@’%’I WL ]Ei‘ RID T IC

A Tunction [{x) which is ndi finiie dil€ =IRG8 sHown in Figl Aus = R, f{x) = o, Thus, if fix)
were to be a wavefunctien, it sianifies-adarze probability of ﬁrtdmg dhe particle at a single
location {x = R)) th]; Ju}]nﬁ&g -Hm Mtﬁ Frq'n:ﬁii ,Hmne {he ﬁrm:"r function becomes

unacceptable. =

Figure: 2

Property 3: w and its firsi derivatives with respect to its variable are continuos everpwhere.
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A function f{x) which is discontinuous at O is shown in Fig 3 At x = 0, f{x)is truncated at A

and restarts at B. The function 15 not defined between A & B. I f{x) is taken to be a wave
function, then the state of the system at x = ) cannot be ascertained. Hence the wave function is
not acceptable.

10 IH,E
fjf-'h,.»*
"‘:':'1 { . Flgumf'? L L) 1;;"

also be continuous, because, |f|:];|e1 ﬂ m sq?::ud denvanv:s of v will not be

finite.

} =
Properiy 4: For bﬂunﬂmﬁ* ﬁ;}‘% l ﬁ#ﬂf‘ﬂgﬁﬂfﬂ”‘ ?Ilrka‘éﬁﬁvhfmdﬂl, then w* w

must vamish -:-rmj'm{]!r.r Y [ =
Dl | 118 "".‘_-.'U' |l{" |I’;. A1
The wave f‘um..umsl{tna,z pq&-ﬁh‘ﬁ_&l! the: hﬁ_ﬁ}gyn{gmmm
| --:-'b- |
EQ i R\
. 2N ]
=."'. rl‘l I

a) It gives the idea ah’ﬁﬁlt H'IE; Er-::l:uﬂl:nliﬂ:_i,\I m" FMDE aﬂ

| —
b) Let us consider- system nf ejectrms W is th ‘I’I.lnmmn assuctaleﬂ' with that systeim,
then |w|? gives measureaf-density of Eleclfhﬁgf’}

c) If we consider an e[&:hﬁnjﬂ,‘ I:la’.jg m E[;ni'r 1on oﬂvﬁuﬁe'ﬂ then ||.|.|'|3d\-’ gives the
probability of finding the' aléctran-int the-reginn of vo

d) The certainty u:lf'f'ndmguﬁg H&M%ﬁﬁ@&a?&%&!ﬁ Eﬂfﬁbﬂ% Vis gwen by
@PiaiNotes in
This is known as nﬂfmulu.:ﬁhuﬁ v A :j e 90 '-l

Probability density:

o

According to Max bom spproximation, probability of locating a particle at a point is
directly propotional to |1|;.r |*. This is called probability density.

If |y |* = 1; then we are sure that particle is present

If Iw = (0, then the particle is completely absent.

|
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Consider a particle inside the volume V. Let dV be the infinitesimally small element in V., IT y is
the wave function associated with the particle, then [1..1:[1 15 the probability per unit volume of
space, centered at a point where w is evaluated at that ime

lf ”IE!H’;
,||l‘h

Here, the product of w w is makﬁh&iﬁqﬁpﬂ as qu.l-)[ ’w% y is the complex conjugate of
W.

Thus, the probability of finding a parnc:ie jsy

"'\-\. "- T "'ll""\-\.\_.-" _:l'|
Probability density is @iven by f *.I.;_:___I
I | =y, w tex cotjusate of .
N | | B AN
( 2 Al nS, |
P PN f'rr'l|| o 7 . o
INAQY
lrgm.ﬂﬁlf dle i nt ina :uiE_T!EE .spa::e of volume V,
then e ' —
yamll M HT R\
I..' _." ¥ | | | I|I| |_ III I' ‘ b, .
o \‘-k Y A S F o T 3
—-'—l" k l‘l\ .I f 4 L =
This value | for p}'q:.hnbiht}' means, itis ol Ty zf ; ~Huowever, if we 11._13‘:‘ not certain about
locating the particle anywhere in.the given en it is expected-to-be present somewhere
in space. Then the pruba.hal.}ty qri I'pd h-n;_u;&_q'l ﬂ'r& universe must be unity
Thus s .E"‘ s a.-f L "lk ' H:fl W IC
IN 5T|'IIJTE OF TECHNOLOGY
[ I.|..:_-r'__; Y 'w-.::-.._ i :-' 1 1 | S :__- _,L-:.I-.u-: . :-_-'.:1 I"‘- =
A -_-_._- IIII_ :..u'l_- | __. | || q,"'__ [_'\ .-_:!_ ..' I,.:.-_.w. _,.:'j..: o | II I|

This condition 15 known as the n-u::rrtmlzaum condition, A wave function that satisfies the ahove
condition is said to be normalized

Eigen function and sigen value

Eigen Tunctions are those functions which possess the properties of that  they are single
valued & fimite everywhere and also their first derivatives with respect to their vanables are
continuous everywhere
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To find y Schrodinger’s wave equation has to be solved  Since it is & second order
differential equation, hence it has many numbers of solutions. But all of them may not be the
correct solutions in such a case we have to choose only a permitted function. These permitted
functions are called E'Lf:-_{m function the comesponding energy values are called Eigen values

Operator.

An np-cratua‘{ﬁ.] 15 & symbol or 4 exde which directs one to perform an operation on the
Eigen function (y)to get the information (Eigen value)(L)

According to de- ngiu ﬂﬁnrjr & ic ’Eﬁ'mﬂ ‘T-j" anmﬂm a'valmll}r v', the wave
]:n.gﬂ:luglvmhﬁ,l | E‘*’f *.l "l .g)f "'|“.f'.
') }-I] /ll | ‘ : | “—"| |l-{
—l= 1) L_q_.'_ )
.-"__ | I | I.-—\-':";H. |r
where | pis the 111{! tﬂm uﬂlhe - rJ i o, :‘ \
LY I"'n,l" | b . J '|!I'L' .-'-"I."I '-..I II
The de- Broglie w&:.w-aqumm fﬂr i pampie ira \’E‘!ll!}gm pl:rsmve—xvdtreﬂ%mcan be written in
complex form as _ m b N j—”f i
v o=Awiesiorg {\E}éj

where, A is the mnplm#‘ﬁfl.]i; WhySl ﬁmﬁmﬂ[mﬁﬁ'wxﬁﬂhﬂﬂmm y is the total wave
function and k is the wavemudiber L lL

The space independent partj NPT (2} EHDTROIMEPEI IO PAve function,
Yoy e (3)

Differetiate (3) fhice _mf;u -Sigs - dermdﬁquWﬂﬁ; »@ | IA
2P i’y ) oD . I
d#z e
Now again differentiate (3) wor.t time 't twice, we get

.
< =Cio) Ac 0y

2
4= i
7 = (o) i) Acy

|
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L N Y i

The equation for a rravelling wave in differential form can be written as,

dy_1dy

de* v o
Then by analogy, the wave equation Tor a de Broglie wave for the motion of a free particle can
be written as

T _1d i 3

de? v odi?
This equation represents the w
displacement at time ‘t*. ;
Substituting equations {4) and ( 5}

But, we have,

We know that, i 1ﬁﬁ\ R\f:\ T&H D {G E

Total Energy = Kinetic I:m:rg]r
E = KE +PE IN STiTLTT[ ECHNOLOGY

H=r— GI_.:"._I || D('Jj -"l:':'] 1 T:EI ':IL!.I: E;ﬂg; o ” [}TI

Substitute eq. (9) in (8), then

This is known as time independent Schrodinger wave equation in one dimension
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AFFPLICATIONS OF SCHRODINGER'S EOUATION
PARTICLE IN ONE DIMENSIONAL POTENTIAL WELL OF INFINITE HEIGHT

Consider a particle of mass “m® moving inside a box along the X — direction between two ngid
wialls A and B. The particle 15 free 1o move between the walls of the box at x =oand x =a. The
potential energy of the particle is considered to be zero inside the box and infinity at all points
cutside the box. This means that

II'-.' =& . s |'r_,,£_'I ‘F_’,r_
‘_,,_.af"" : ] ': - J.'I ll. 7 ‘T%’;
s L g ®
i
-~ e 111117,
il —
_,,-"'fll'-l = ),.f""-f — Tl | ..__,.;:.-':—-“‘ -I
el e Y .[."-._:{-_r'} ).
o N
A= - h:.';
1. PE wﬂﬁ::ﬁ d i;.| [ | i | !;ﬁ'ﬁ. [
— | |I':'| b e :l.- .:,':' .I.-'l. _=.: st}

I_ = \
2, PE, vséﬁh—x-f Dandx 24

3 NS A==
The particle is always anﬂe th& box and Hm?é‘lfm'e I,he pruh-:ﬂ:u] m.r -of finding the panticle outside

qqqqq

the box is zero Theref'di"ae ue;-ﬁﬁﬁrﬂﬂp *fsvzerﬂ ﬁjt X $ &F"*ﬂ :;E .
The Schrodinger iiﬁﬂiﬁﬁ“ﬂ‘ﬁf 'y p&fele is given

INSTITUTE OF TECHNOLOGY

= - |"'~q. & =

|_l\. o}

Since, V =0 insi mﬂ:m bmt'hﬁtit-&gnmh vllaﬂl. Thﬂﬁbuhre ulﬂmim @mww
d'ﬂr Brimib
1
:fxl IS { ‘

s = )

Take,

(14)
Then, equation { 1) becomes

The general solution for equation (2) i3 of the form
w=A Sin kx + B Cos kx —--ececeaeeee (3]

|
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where A and B are constants. The values of these constants can be evaluated by applying the

Following boundary conditions.

The particle cannot penetrate the walls. Hence

(i) y=0atx =40

LN =0=Asin0+Bcos0

=0=0+B=

B=0

S = A Sinkx
Again, () y=0atx=a
(3= 0=A Sinka

But A #0 ; because if A = 0, Th:n;b@\

"'h

f."“

Therefore, Sin ka =0 = Sin nx

*-.'\7-""'}

-,

siserres ()
m THE ﬁ

AL,
ﬁ<

ka=nm,n=0,12
{0

" meesfiies
= A

N

Lo, = Asin Eﬁt‘_
[

]
Equation (4) be |

L

J

Substituting equahqu'_—{-:,.‘r} n{
‘ﬂ-t mE,

::"E#_Em]: {T ﬁlf*f{?ﬂ% TRH D{

where n = L HISTLTUTE OF TECI-IHDLDGY

When n =1 is the Iﬂvel |
'(\J‘—L' ht ]
e H ; u] |

0

r",-«-‘*':lz'.;_. i g
res.in

Emﬂ
This energy is called the zero-point energy. Also,
h . 4’ 9
E = — = _E." E: . . . =
T ! Brer” i Bma’

For each value of *n’ there is an energy level. The possible allowed values of energy oblained
from equation (7) i.e, E;, E; Es eic are called Eigen values and the comesponding wave
function y, is called the Eigen function.
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™
&

Epo g
)

The energy corresponding to n = | 'ﬁﬂéﬁmﬂ‘@ﬂmf or zero point energy and the

energy levels forn =2,3.4.5,.. W *?}_,.
Ingide the well, the pamicles can h %v&{ HTGT%\% and it is quantized i.e.,

_,..-'-""
Normalization of wn%ﬁ%
We have,

The constant A o f-anhe i dition i.e.,

J' E"-FntI:

CAMBRIDG GE

J —{NSTITUTE OF TECHNOLOGY

2B AiNlAatae 11
We know that Q@E?Hjﬂ G] ﬂ [h\\‘;n @l l:llf @S o [I [ﬁlr:[l

fp —)

e S

—[x] [

—_——

_________________________________________________________________________________________J
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The normalized wave function of the particle is |

'|" 1 Il'r"'t-llj!'.
% b I s O 7
- — T~y °f
Fo N\ U/ 2%
h\‘ 5 LY i ek, '\'-I\. l,-' .-._. F‘“..-

WAVE FUNCTIONS, Fnﬂmmm;w;ﬁﬁ Hﬁlrﬁmg ‘amu ENERGY EIGEN VALUES
FOR A PARTICLE IN A BOX; :

The first three emrgyle*-'eﬁ‘ tEEgEn 'ﬁ ues) B+ E:;,E1 a" ﬂ'l {:'I:FITE:B-pCI-]'Id]HE wave function 1s
3‘ l.'m].iwtn

L

W 1s Y2, Yo and Fmbnl;ih-'r:f‘d’unﬁhﬁ E-F':ﬁnd.i'l‘f?-t::nln—i]

0 1 i] 0 % 0
Wave function Probahility
Case (1)
Forn=1. theeigen funchionis

W= A sin [E]x and i | 18 maximum at x = a2
a

Department of Physics, CiTech Page 78



Go Paperless - Save The Earth

iNotes

@D

Thus a plot of yy versus x will be as shown in figure and a plot of probability density s |
versus x is as shown in fgure. The probability of finding the particle is zero both at x =0 and x -
a It is maximum at x = a/2. This means that in the ground state, the probability of tinding the
particle is maximum, at the center of the box

Also, the ground state energy, E; —h—l =B,
Srma

Case (2)
At n=2, the eigen function for the first exaited state 15

> 10 THE

= A sin q—ﬂx .,:., Ld- I—‘il P "ﬁi’f!h

. P § I . &

1|.|; Datx=0 a2anda &b 'H KQ;J_Q%&{H}} "P.,-:'.

Th: plot of gy, versus x and the pgcaha]:i‘ _ duns MM
E]WI:-':‘ Iw?] _'nﬂ.t?:"'ﬂ ﬂ|'l.z.ﬂ : 3 : e
observed either at the uﬁ-ﬁ_ Iﬁrr:,ﬂi th-.': enter, /__1“ Tl 1L ,a"iﬂ'

Here, the energy nﬁ’ﬂ?\ﬁrsqﬁ%é l 15 T'i ﬂ%:

Lase (3] 3{ F" ‘ !||, . \?ﬁd
mﬁdstpte m;;n funet j ﬁtﬁnd?

Al n=3 | the second Ek.g{i& is given by
N J s
Wi — A sin jl{,,ﬂ.ﬁl‘l;\;*lﬂa%l'ﬂ'}xw 2a3 and Cl

7 ¥

W3 has maximum valweforx=a'6. /2 and !

A plot of wa versus x and pﬂ% s —Fgﬁﬂm# awn in fig. For each value of
ditg From e "A}S@ -

n there is an energy Iwaitkﬁfﬂ&
H"TTH UTE OF TECHNOLOGY

3
Here, Ey =

i'|'\-\.
.ﬂ"'\.-\_

T
E'm |I |Il.- I_| ||' .l"l:"__"__. .\\-\.

5 L \ '. |
Hence, the werbv‘i‘im:ﬁ a}t ﬂi)&-l(élé “]Hal:*hcme  value of By fﬁ‘ﬁi‘lm E:l &l:gjl Eigen value, The

Figen value for the corresponding wave function w . is called the Eigen function. The energy
values that are permissible in any system are obtained from the solution of the Schrodinger’s
equation and are called Eigen Values,
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LASER
LASER: Light Amplification by Stimulated Emission of Radiation,

o I was invenied by Amencan Scientist Maiman in the year 1960,
e  Today there are about hundred different kinds of lasers

Characteristics of Laser beim
The tollowing important properties of laser make it different from other ordinary source of light.

I} Laser is highly monochrom [lE:‘i, 1'“ IJ”*E £y
The laser beam is emitted q‘!:u\'.[erﬁ narrow| qudmc}‘ré;mi
2) Laser light is spatially coherent, "J—'-.- o f' d JT,
The laser is highly v:l:lhl:rv.:l]f“d-lmm stlmulml:d cnﬁ&'e;mn‘crf radiation.

3} Laser light e::lremehh hﬂk;ﬁﬂ i ﬁgﬂlrﬂllﬂllhh
The laser heam has erq,-_.;ﬂ diargsnce dus 1o the rescnant cavity. Henece light

intensity does nat ﬁmma.s&.;} with d_ﬁ[an-ne a5 ﬁs m,q;:ﬂuw y source of light

4) The laser beam is exireiel !‘nghﬁar l]ntﬂimm A&
htar th clth ef ardi ! .rismr-.:era[ﬂﬂ]l

Light Frmn.fﬁzﬂ;t s much bri
/]| ‘ | |
___'I '..-'I_.l
m T oy |
[y 'y .
v ! Ii'.:l |I
AE =hy _.-"':.I
71 E : s

Radiation interacts with mandc{iidlén apirapriaré coniiddas] Theimeraction leads to an abrupt
transition of the l;:l;lmrum s-ygtem.su:h a5 4R atom or mﬂ{ecuiu from one gnergy state to another.

If the transition 15 f'mmh highh]* slnwtnjnﬂm qhg;-ﬂm ﬁyﬂmﬂ gﬁres nutlﬂ m of 1ts energy and
if the transition is i mcrﬂddﬂ'bmm then it absorbs the incidenticnergy

In order 1o understand the manner in which radiation can interact with matter, consider two
energy states By and E; of a system. If the energy difference between the iwo energy levels is
AE,

[hﬂﬂlﬁ.E= E-z— E|
Max planck suggesied that ifan electromagnetic radiation of frequency “v' with value

v=— = 21
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s Induced Absorption
s Spontaneous Emisgion

; i " = 1 [ ‘ II |lr =
e Stimulated Emission L H-_ LY )
ST %,
Induced Absorption: & .;’"*-\ H"-J.d_"J LI £ "Iﬂ,

gk jﬁdergcnes transifion to the higher
; be represented as,

ﬁ[ 'k?' E:.. E1

Before Ahsnrpljﬂn After Absorption
= g

Spontaneous Eulssinn .-1 q‘nﬂ

au"

“'. i T‘
It is a process in’ an alom m&ﬂ: ﬁml sii.'f‘/un\_ﬁc transition to the ground
state by emitting a photon MHM hid Qﬁxﬁﬁﬁf]ﬂ@}ﬂ;@ﬁn in the figure, consider
an atom in the ex }tan::E;\ Itrnnktwmgn mn h:- "‘hf g;jnnmi 41atff. h}r the emission of a
photon of energy *I'; l;’lhl}rbn'rﬁbfﬁs'frﬁd-ﬁul [ '_" wﬂ' 'f + J |

J

Alom* =¥ Afem + Photon

A

s i

; Ey Incohe rent radiatisn
Before emizsion After emission from excited afons

Department of Physics, CiTech Page 81



Go Paperless - Save The Earth

iNotes

igi

@D

Stimulated Emission;

It is a process in which an atom in the excited state undergoes transition to the ground
state by the influence of a passing photon. During this process a sumulated photon is emitied
along with the incident photon and these photons are found to be coherent.

Atom * + Photon —» atom + 2 Photons (Photon + Photon )

A
—_—— Eq
Wi T —
N
a i
Ey T —
Before Enission Al Bission. C ROt Fadlation

| { A |
L 3 s

Einstein's Coefficients: =] . — .
I'r -F—_-"-.\-\""- 1 | [ - : : ...__.-'.._.-l ,

i/ == b=l )
= Consider two :ﬁ:rgl)""xstgﬁﬁi] ﬂTQ;l B | 1 i'd
i~ | (A

|
“%Hﬂ%ﬁ e i bty e, [\

!
1 P
— |

* Lel E be the lowet c_;r'l:ﬂg.g 5:@11
L -

|

* Let N, be the nqmvé‘ﬁi stoMms per un'i'{‘usalume in th?@‘i"ﬂg}f state-Fyand S
A o il FEL :
. % o | £ = 5
My be the number of atoms per-unit m&ult\f&mf_rfgpiénergy stateEy———
" - A B D T ™ 7 I
Let  bethe energy d@E}’r{ﬁmﬁgﬁl ) ?n%ﬁ _E:{“a_ﬂ l,.J 'x';._ T F'

— i L

1. Induced Absorption: [ ST|TUTE OF TECHNOLOGY

In this case, an atiﬁ‘u;fm;1hﬁhﬁ-cf:&n;ﬁg-=';mﬁ El"qndﬂﬁﬂs_h‘ﬁnﬁiﬁﬁﬂ i-;:’_“ih.j:_];qlig]wr energy state
E; by ahsnrhingalm'p_rﬁrﬁm'n. | i i "1|. BRYTON RN A '| I il

The number of such absorptions per unit time per unit volume is called Rate of induced
absorption

I B

Rate of induced absorption N,
- Bl] N' -E‘r EEESEEEEEIEEE {1}
Where M, is number of atoms in the state E,,

is the energy density in frequency range ¥ and v + dv and

|
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Byy 15 called Einstein coefficient of induced absorption

E->

WA T

E,

2. Spontaneous Emission:

In this case. an atom in the higher energy state E; undergoes transition to the lower energy state
Ey by emitting a photon without any J.Fp tH ah ¢y. The number of such spontaneous
emissions per unit volume per unn@& :maﬂ{e:i Rane | of spotigneous emission,

J n'_.|' NG
RHtﬁlEﬂﬂﬂtﬂ&HuSﬂﬂliﬁiﬂnI:T ‘“‘ 5 'f‘v"’{f ""'
= @H@@l\»
P <
ll: '._::I' ’:T |
- ", WA T
L)) X . I NQY
k..f h’ after Eml:hnn h—i\ H?I
L HILIL ; J"”‘\\ L
Where, Ay |5¢Elﬂﬂ#¥nﬁ}ﬁ Dﬂg?_c_ mission - AI
=7 i

In this case, an atom i the higher energy sta
]'[ 'I'_ .rF":'ﬁ I

E; under the influence wﬁmm ]E { € |."'
During this process a ﬂlntum%ﬂw?ﬂgﬁl_ﬁ?ﬁ NBEEWM[ photon.

dergoes transition 1o the lower energy state

= R o S
@D < in
| — ”_f’h M VAR red o U |
AU e
= E1

after Emission

The number of such stimulated emissions per umit time per unit volume in called the Rate of
stimulated emission

Rate of stimulated emission of My

=Bu N2 —(3)
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Where, By is called the Einstein coelficient of stimulated emission

Al thermal equilibrium, the number of upward transittons must be egual to the number of
downward transitions.

Kate of absorption = Kate of spontaneéous emission + Rate of stimulated emission
Biz Ny E, = A Np + By Ny

(BiaMNi =Bz Na)= Az Na

e 10 THE
"-.:ﬁb l I—.il [ 7 fff""
"":‘,"'___.-" J II_.|II f 5, f:""
&b w'\‘_;_)__d_'-.__,_q_{‘_;uf 2 7
. 1 By , E‘{r“ﬂ'ﬁ-
AN =
= e v L
‘ //Jl"h 1 . ’::F |
By Boltzmann la s l‘.l \ | IS\ o7 f.'
) : N !
' -‘:““—'_I )
— =g 'L\'“-_t?\ r\l-._”_.n'|
| m | A (
{4} becomes |JQ~' | J . ‘s t a._II
WA ity ]
Ev= A“‘ ! I:j] g 2 .-";}
Bz, Byy %-1 :

Bxy p -—I---.J = F._;. .-I..-l
L W ATV _IE]\ H E} {t;. it

Acconingt Plani's v, OO r SEsp ety oyl o gve tmpeanre

-
T . © ol ’} i D

T = T
SR S = -
[::_:i' I;- "f:_.’-" '::-:?:] o ” [rl H

:

.

@D

5 2] et N\

Comparing equation (5) and {6}, we get

Al » Brhv? o B,
B,y &® B,

= 1 or 511=BEI

This means that the probability of induced absorption is equal to the probability of stimulated
emission. By neglecting the subscripts, Az and By can be represented as A and B respectively

JI.EL, .'5-.2| = A and Ev;] =B.
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Then at thermal equilibrium, the equation for energy density is

oo A
Vs
Bieﬂ'-i]

Energy siates of atoms:

Ground state: It is the lowest possible energy state of an atom which is the most stable state.
Atoms can remain in this state for anII]‘E_IEF:dm gl ”,,E ;.

w

f.
Excited state: These are the Wﬁﬂmﬂnﬂrﬁ\rlﬁﬁtﬂﬂ ::rf'-an .ﬂ:lpﬁ:..gfhll:]‘l are higher than the ground
state, Atoms remain in these Ene-.FQy srmesiﬁ'rra velj.f?-hp& ;mne cilled the lifetime typically of the

order of 107 s 10 107 5. f i'ﬂm._.

Mﬂasmhtt State: These are ewmeﬂ .nf;a}J
of 107 s - 1| ]
N | o I -
L | . -
COXDITION (

L I
{Population in vers.rb‘.q mrd mmﬂhﬂk I'ﬂ'.fEJ

Es Excited state Ny
& & L-_.
._,I'l-.
metasrabh stare B
excitahon of atoms
E: b by lazer b
by er beam

Ej Gmmdsta.l::

“Population m-lﬂ iﬁ&ﬂﬂh ﬂE’# L!H!.H-‘ﬂ Jﬂ‘ﬂhiﬂh ﬂi&;ﬂpﬂﬂuﬂtj il‘f 4' particular higher
energy state is more than thatof a lower ¢ energy state”. To achieve population inversion a special
kind of excited state called metastable state 15 used and it can be explained as follows.

Atoms in the ground smate undergo transition to the higher energy state E; by absorbing
incident photons. Since Ex state 15 ordinary excited state. atoms in the E; state don’t stay over a
long time, as a result the atoms immediately undergoes sponteneous downward transitions to the
Es state. Since E5 18 metastable state, atoms in the E: state stay over a long duration of about 102
ta 107 seconds. Under these condifions a stage will be reached where the population m E;
overtakes that of . This condition is called population inversion
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REQUISITES OF A LASER SYSTEM:

There are three requisites of laser systems.

1. An excitation source for pumping action

2. An Active medium to achieve population Inversion
3. An Optical resonant cavity or laser cavity

. An Excitation souwrce for pumping action: The process of supplying energy to the
medium 10 excite an atom from lower energy state 1o a higher energy state is called

pLUmping.
Energy can be supplied o B.iﬂhﬁ l':r“d_]hgil :ﬁﬁ-ms like optical pumpng, electrical
pumping and chemical pu@g % ) | | i -"’.-

2. An aetive medium to a¢

Es
excitation of aloms B, by
l l - by laser beam
Ej Ground state
Active medium refirs 1o the mﬁl_lui‘rl T J‘q}dﬁ#f&ﬁh on I;g!g.:p place. TI;-: energy levels of

the gtoms or molecules—which-are invalved Lﬁu& action ard-identified= Accurate information

about the energy levelsamd ther hfﬁ*mﬁ-hﬂp& Tldﬂi'rﬂ,lvmg"lhﬁﬂty:i between which the
population iversion mﬁ@aﬂﬁ?ﬂrﬁﬁm

INSTITUTE OF TECHNOLOGY

Jumwmumum,, _-

=, ~ - B
A laser dr_w.mé qnnsg std uiﬁn ﬂll"tii#i rLa:d.:um u&ngd hthﬁn qurg,-rq.m'_mg 'I{he mirrars reflect
the photons to and fro through the sctive medium, A photon moving in a particular direction
represents a light wave moving in the same direction, Thus, the two mirrors along with the
active medium form a laser cavity.

vight movisg wave left moving wave

L — = e A
— -,._--‘f " — _..--"—-| | \‘-H_.--H |
I same phase Constrsctive Resultant wave
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A L ] |
\_/‘

Destructive

C

Resultant (FTero) |

Semi transparent
Frlrrar

=,

CO; Lasers belong t?r .th-;ﬁ'hs

i Hcﬁ"-ﬁg‘.in the far IR region

involving a set of retafigna Vil o 5 devel pl-lﬂt:tﬁy CK.N, Patel in
the year 1963. < f, 4 I A lsl L
.J'm\.-"'l r__ .__'_.-- : g __.1 N'H-"tn'!

Construction: BT/ ‘ ™ |

e I 1 | M

power supply
K :
g; i - / | polanzed bem g
-------- £ R e P -----------,F-:f--------—:f ——
Y . f ;
E 3 partaally el ered mirrar

Fully sihrered mirror

1)
2)
3)
4)

3)

Department of Physics, ClTech.

A COy laser consists of a disEi;arge tube of length Sm and diameter nearly 2 Sem

The tube is filled with a mixture of CO32 , Ny and He gases in the rafio of 1.2:3

The pressure inside the tube i5 6-17 torr,

Also water vapour 15 added to the discharge tube Water vapour additives help to
deoxidize CO 1o CO; in case CO; molecules break mnto €O and O dunng discharge.

The two ends of the wbe are sealed with flat Cuarz plate which functions as Brewster
window( 1o get the linearly plane polanzed light)
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6) Two optically plane mimrors are fixed on either sides of the tube, one of the mirrors is
fully silvered and can reflect the light 1002 and other is partally silvered helps to
transmission of laser beam.

Working:

When the suitable voltage is applied across the two electrodes, a glow discharge of the gases is
initiated in the tube. During discharge, electrons geis free from the gas atoms and starts moving
towards the positive electrode and begin colliding with N2 molecule in their path. The colhsion
belong to collision of 1™ kind. Na molecules are raised to the 1" vibrational level v = 1 which iz a

metastable state. The process is represented,
cy 10 THE ).
ottt (][ "}p
oy L8, '\ "J LIty £
Where, ¢ and e ane energy »alu;?spfthpﬁﬂmnabrﬁﬂ {aﬂd gf-'&'r collision,

Mﬁwﬂ = 0 and v =1 staie resp-:mv:]y
Henece population inversion m _____ merkecud es stay for about 107 1o 107

seconds. “f = F‘-H i T ’:'Th'.
( ..'_':' iy | | Wi

cCOz

Nz and Ny are energy ﬂfr”km A '.

y=1 ::-:{;m Bending mode | Symmetric mode
a1 ks E:,’mu ~10.6um
[100)
{l'lllﬂ] \ /
=0 010
Fi1 =
Ground state Es Ground state

Ve B UGG U YW ol o U U U
There is a close coincidence in energy’ of 001 state ut’ CD; and v =1 slate of N;. Therefore, N,
collides with CO; at ground state. This leads to the transition of CO; to 001 state and de-
excitation of M to ground state. This type of collision belongs to collision of 2™ Lind. 001 state
15 metastable state for COs molecule. Hence population inversion 15 achieved in CO: molecule in

001 state. This process can be represented by
H:l + Eﬂ] o Eﬂjl +H1

Where, N:" and N are energies of N; molecule in v = 1 state and ground state respectively, and
COy and COy are encrgies of CO» moleculs in ground state and 001 state respectively, Let us

|
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designate the (010) state, (020) state, (100) state and (001) state as Ei, Es Ei Es levels
respectively as shown in the figure

Once population inversion is established in Es level the CO; molecule undergoes stimulated
emission to Eyand Es levels:

(a) Transition from Es level to Ey with a wavelength of 10.6 which 13 in far IR region.
(b) From Es level to E; level with a wavelength of 9.6 which is also in far IR region.

Molecule (COz) from Ey level and Ea level undergoes inelastic collision with unexcited CO;
modecules and de-excite to E; level, La in E; level undergoes collision with He
and water vapour molecules and n::a{!'{a";gum £V ﬂ"egmfi 1_';;1&!-& Ey CO; laser has an efficiency

of up to 30%, £, ,.-r_.
>
b ":hlr. .-"'-. T:I:‘I
VIBREATIONAL ENERGY LE M'lfl-':'_ AC P :

L

|'qu_

A carbon dioxide molecule has 1x[rt- gﬂﬁ; : whith there is a carbon atom, Tt has 3
different modes nf'uhraﬁﬁﬂ_ j [ T |"-' o
| | > | I i \
Cxygen Carbon Uxygen

Symmetric
““‘“O_““" modes (100)
RE O_’_, Asymmetric

modes {l]l]l]

Bending
———— - Q ————————— modes {“1“.'-'

._______ |i & U '-"_-.".i L I l| et o U il

1} Symmetric .'!-tl‘ﬂl:lli.llg mode In this mnl:le mygﬂn atoms '-1.1..'rra|e: a]ul:nng the molecular
axis, either approaching towards or departing from the carbon atom. The carbon atoms
remain stationary. The vibration state is given hy ( 1040}

2y Asymmetric stretching mode: During the vibration in this mode, all the 3 atoms
oscillate along the molecular axis. But, the two oxygen atoms move in one direction
while the carbon atom moves in the opposite direction This vibrational state represented
as (D01).

_________________________________________________________________________________________J
Department of Physics, CiTech Page 89



Go Paperless - Save The Earth

@DigiNotes

3} Bending mode: In bending mode, all the 3 atoms oscillate normal to the molecular axis
While vibrating, the two oxygen atoms pull together in one direction as the carbon atom
is displaced in the opposite direction. The state 15 {010},

EMICONDUCTO

Principle: A Semiconductor diode laser is a speaially fabncated p-n junction diode which emits

light when it is forward biased. The "n’ junction is the active medium. Recombination is the
process wherein electrons and holes meet each and result in the release of heat energy. It's
actually the transition of an electron F "'iﬁnrma‘lf and to valence band, Recombination
occurs due to forward biasing the syj‘%m and nu:r:ufrs i the” pi'—('n | junction (depletion region). Hence
it 15 called as active medium, \’t%mkﬂ u% r.'rfﬂh £Ch E:mﬁ, qf@gnd degenerate semiconducting
materials N .

Direct band gap semimnductﬂri'ﬂrﬁl
released energy will be-in visible ~that arg-highly dnp-ed are called
degenerate semiconduttors ’T‘hep—r E 15 deﬂpﬂate in‘h EE[ann:ﬁﬁa n-rem om in electrons.

1Y) . r
& (Cadnfibm Sel nide), \ 7

Example GaAs {Gqfllﬁlﬁ z"lﬂlﬁ}dajﬂ
Construction: y e

i i 1
I F

I-:-' -'

¥ bNlatal Contact

ff Partially
/ »polished
A face
Power = p —# Lasar
Supply gfpﬂjlﬁhﬂd‘ D‘L.Itput
. Face €—| N /L>

Metal Contact

v
ph junction

Roughened Face

o (raAs diode is a single crystal of Ga and As.

»  Consists of heavily doped n and p sections.

s N-section is formed by doping wath Tellunum and p-section with Zine,

s [Doping concentration is 10'7 10 10" dopant atoms/cm’

o Sireof the dicde is very small. Sides are Imm and junction width iz Tpm to 100pum.
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A pair of paralled planes is polished and these play the role of reflecting mirrors. They
provide sufficient reflection o sustain the lasing action.

Other two sides are roughed surface to suppress the reflections of the photons.

End surfaces of pn sections parallel to the plane of juncfion are provided with the
elecirodes in order o facilitate application of a forward bias voltage with the help of

voltage source

Working:

# Suitable forward bias voltage is apﬁqdmjtge diode to overcome the potential barrier.

Due to forward biasing mopesa .-mu;-:I‘E‘rel

leads to the increase in p:#}!punn”ﬂf" dnq."in,n

p-region, When the mum‘ht crey
n-type come to higher mﬁwi&ve _

re injected into the n-region. This
n and population of holes in the

certain ?ﬂqﬁ gaﬂ dhreshold current, electrons from
cﬂ@n gion and population inversion is

attained. = LY r"‘"'——'

# Unce the populations of Charg; Ao The o di0n reglon increases, the electrons
are made to raiun"ﬁﬁ'!;: mi‘h level of depletion region.

* At this st ) '-p“h:-[dq:l releas sﬁ ' _Eiqﬂ ~trigger stimulated
emissions/oyer's Iaﬁgmal :ﬁlt,, aon leading to- ﬁtulﬂhﬁ.cﬁtaser radiation of
high power ", Thus,ﬂhgﬁque :|E5 pumping i rlaser.

» The mxdmgth Qf”umlue?] J—J | Fr ! _h'b;-"., l

' I.'_ '.'5:-."~ "-;T vl'la"|—i h”‘w.-r
A-— =2 i) '*issid' A. The nergy gﬂE.ﬂf.Gﬂ&ﬁ[l& 1.4 6V
T : ] %‘Q: % ‘_5-:"?_ —;
F-type :m E Kotvpe
I {'Il_ _________ EFH
E{' L 1-:_::.%_:—n weirrma
) LT Ec
e ' '
e I .
lll_ ! : |I |
Ey S
Bl _+SE":'{;.:' | E+
= F 3
Appl I semicondocior |

1} Used in optical communication
2) LUsed as reading devices for compact disc players
3) Semiconductor lasers are used in |aser printers,

4) Semiconductor lasers are used in medicing, interferometry and barcode scanners.,
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APPLICATIONS OF LASER

Laser range finder
Laser rangefinders have numercus applications such as  measuring of rooms and buildings in the
construction sector, to determine the depth of snow in inaccessible areas, Cloud base height for
atmogpheric stady, air pollutant distributon, attitude characterization of space debnis, trajectory
of aircraft, satellites. Laser technology is more cost effective. The laser range finder uses a laser
signal 15 transmitted and retumed from a target. The time delay between transmission and receipt
of the signal is used to determine the distance to the target based on the speed of light, The
receiver consists of reflector, photo dl:t:l:qtnrﬂlil W‘lf'cr

o/
s 7-
Lasers in data storage -..'\ 51 “III "h-".-
In a compact dise, series of mlcf@mupl.&f *mr:r@:ég:s @fﬂﬂﬂﬂd by burning. Laser light

15 reﬂenm:l trom the disc alrface.:ﬂ'idrﬁ detected by ph odes. The amount of light received
< mpillfn]-_ii e
-I i I. I. g

I'

& 'l Ilr =
w—! 'I;ﬁ:lli.. J.fl".-" L B B L _--|:.-'=9"Il Hﬂ ]_rl

Ina CD, Is and Us are reco lf]m‘gﬁpﬁﬁm%@:k on a plastic matenal with
a metal coating. The total le wonld he in:u.m Am trangifion from pit to
land or land o p{f ?v.u.ﬂ %, | Swhile Eld-\.ﬂ: muﬁ.mcla' |n \or pit is read as 0

Separation herwﬁg %rﬂh-[i‘s Lﬁuinmﬁb 1d im! ina Ef-(’ilﬂﬂ [ﬂiglla ‘uﬁ-ﬂﬂa Disk) The laser
beam is focused on the surface of GO The reﬁemed beam reaches photo detector and processed,

The laser spot should have minimum size. Holographic storage uses entire volume of the
recording medium rather than the surface and hence stores large data.
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MODULE-5
MATERIAL SCIENCE
QUANTLUM FREE ELECTRON THEORY OF METALS

Review of classical free electron theory: (drnde — lorentz theor

Postulates:

I, A metal 15 assumed to possess a th 'i:;m.ul array of positive 1ons with randomly

-3

mowing free electron gas cnnw | A ¥.

These free electron gas is @ s qqqm;]-gntfu wmolecules and they are assumed to
obey the laws of I-uneun:"%ne Etfjﬂﬂ‘r"m--tﬁﬂ B‘E;aén&’ﬂf‘ any electric field the energy
associated with electrons ig équaﬂu -

3, The electnic Lurremm'a mtw}E is duF Lo :h&dnﬁlﬂ‘t Tmmpa in 4 direction opposite o
applied E!eﬂn;ﬁﬂf N | I | T .f’r _:'
]ﬂ . | L | "—l_r- lll'
i

4, The ¢|E¢Irlci|£|!£fduﬁ]‘.ﬂ-ﬂﬂ the fons is assumed to b ﬂnmu__s \J

'

v f N
Drift velocity: I,-'l A L |'| \ |_| | I- .ﬁll \

'\ __| |||I 1 ! I____ ! '!|I|;_| - | | | " II
The net dlsplﬁﬁﬂmthﬂ pﬂﬂl:[ll:ln uf'a!ncmm per u:pfpms c-m?dhy Iha lpphi:-ﬂﬁ-ﬂn of
eleciric field is E.nmg'rlﬁs_ drift vﬂcu:ﬂ}' o | f;& y, !

e S —

T . g s
1 '. II.-. v_ﬂ:l . | 11 ':I'-\.I i 'l. i
If el J?IL J'&ﬂ ' H Iy W ] .-_':.q-

Where & — charge on the elei;hhﬁ:ffﬂﬁ'[ﬁ&iﬁ ithEﬂj;EH Mean collision time.

Mean Collision Tihﬂ.{*r;: lththf,‘ a.'uf-tﬂg&mqe uunmmw{n ﬂ-ﬂﬂﬁ#ﬁuhﬁ‘ﬂ collisions of
electrons. S b B || i .?l Ly I ||

. i —

Relaxation time [t 15 the time t&kcn_i'ur the dnft veloaty to decay to ( Lie) times after the
&
{1 =cosé)

removal of electiic field. 7 =

Mean free path (A): The average distance traveled by the ¢lectrons between two successive
collisions.

Expression for the electric current throngh a meial: Flectric cument I= neAVy
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SION . NDUCTIV ()

From Ohmslaw | = ¢ E

g HeV,  ne't

Mobility of electrons:

It is net drift velocity acquired per umt{-lg:ih ﬁ“d‘ﬁ’@k?j Maohility of electrons in Graphene is
very much higher than that in Sui:ca,!;‘f \ i |' - "}.r*
/ £
{1 .:_.. ".I- ".l""_,_lll-J_l_'l--\.‘l'l\.- LD f‘!’.

-._'\-l", i il || 1 Wi m.'“-__.' .-:".I
1. Prediction of liiw hﬂéﬂﬂﬁhﬁaﬁl d . ::-ku lllr (S
e = N
sdrofs EI_E' sical particles similar to
! ljlm#slf" erice metals possessing

o m:iugh ﬁp:a:ﬁiﬂil; hl:at given by the

Classical free elecncl:l -,EEE-L! = _
gas molecules. He tﬁ!} age lréla i gbsorh enprgy)i !
more clectrons muall.ﬁavn hxfﬁhﬁ hciﬁ'-bpntcm_ [hits resg

expression _Cu =R NN fﬁf > 7

' e, &
This was unnim&ctud‘h!p:!ﬂp!hmmtal mmlf&‘ﬂf;éﬁ;:hmmd En-ﬁ]r::ﬁ:—'l'lﬂ-at for metals

il

Comz Rt CAMBRIDGE

IH‘-.T [TUTE OF TECHNOLOGY
2. Temperaiure Wtﬂ: of electrical eond ur:twlt}r._ o

ronve asigton tine fatase O 1.5, 11

—H =--I-mu'
2 4
'L"I‘JF
Also mean collision time © is inversely proportional to velocity,
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o= E--I- =Ny - = —-1-—
m J'i'_
However expenmental studies show that & = ?i
10 THg
3 Dependence of electrical cnmlu@‘ﬂ'}nn elee tration:
ST %%

As per free electron theary, i:rn:'ﬁ‘ g II'-J - E-.J/,a "P

I.-\. "-.-'

P
The electncal conductivity of ?_.tnL':!prd Cngl
rﬁ.pmﬂvely which are very musch Tes

5 88x 107 fohm m and 2 %107 fofimy .Ectrﬂgtmzmtra.uun for zine and
cadmium are 13. I:'r.]i.'ﬁfral /m’and 9. -'-'.. h lh}u that for Copper and
2R " y ¥
Silver which are Eﬁﬁﬂﬁ ﬁﬂ})ﬁ ﬁ‘f x 107 fmf’ | 1 ---.H‘a_.'"r l:[- QY
These examples in th-at, ro ] H El-'-__:_ N
.-*,-’ h | r’_““ﬁl |
4. Mean free path, ap v:!:uihilm ' J|E}LS'55 3 ﬂ]nfunr ared t
h:._.' 1% i P ':'_I — .'h_'..".. ~
QUANTUM FREE ELECTRON RYOFMEFALS /[
_ T\
ASSUMPTIONS: — N '

The assumptions quufj.ﬂ‘mi] fﬁc T TR% sF? n:f _H*. ( f‘_'ljr _[“

1L L U el Il
1. The free electrons p-nss ntized. The allowed eneray
levels are reslized i term W%@ "ﬁﬁ'ﬁﬂfﬁ’ﬁfﬁﬂ'*f

2. The dusmhuuu& u}e;aiﬁcﬁmh,m Aol eh&g;,{ eHs Mﬂﬂiﬁyﬁ* ,;‘;ﬁ::;luman principle
e, single energy Tewelcan lﬁiﬁcmpﬂ&j only 2 elecirons #ﬂftﬁﬁ'@hs} spin.

3. The electric potential throughout the lattice is taken to be constant.

4. The attraction and the repulsion between the lattice points and electrons (or) lattice points
themselves (or) electrons themselves are ignored.
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DENSITY OF STATES
Energy levels of electrons in a solid will look like bands. On a closer look we see that the energy

levels in the band are not unitormly distributed The number of energy levels/unit energy range is
explained by density of states.

“Density of states is the number of allowed energy levels in infinitesimally small energy
ingrement dE in the valence band of the material,

Given by, g(EME “dE o h
"-:'i-"""‘l:--'. = F‘E‘J: _.l‘:}._
gBa - o™ VAL T e
Q;\“ A vl )
. 5 ._.- ..._.-.__.__-_d_'._'—_.__\_{_'\_ ".__.- .l-___.-"-l 1-_-‘3'.
F N ¥ ; b | o ._:::“__.- :.';

Consider a metal of N atoms and | efcetthere Wil .--r energy levels in each band The

electrons will oceupy cnergy levels AcEOring 1o Pauli’s exglusion principle. When no exicral
energy is supphed for |11¢ E!Etimnﬂ uch as ﬂ:.errnaL enier ne ai tﬂﬁ!{ we see that levels above
valence band will I:ue uﬁ:anr* / [;; | | | | o

) O

“Fermi energy ﬂcﬁlagf H'I f | ' r" }

temperature and the -Ermﬁ‘l&vel is FEIiTEd 0 35|t ‘F FH'» 1| (Eﬁ"?\
3 | .

At T=0K, energy feué]s ]'ﬁl’hg aL;Né 'li'le Eeri'm Ievel %&Elﬂmp-ty ,H'J'H:I \E]ni:e lying below are
completely ﬁlled '._'-. 5

@tﬁm dr.gme abzolute

{Probability of m:upmmn W&Eﬁﬁpﬂ &M%@%@fﬁ}k and -0k, on the basis of

Fermi factor)

.
r I — n—

| [ (¢ F
Fermi-Dirac SIat:“sitﬁ, pe.l'h:l:rs th-e*mJ\&anmﬁJ!l pmbll}lht}l'- I:I-E 'ﬂl'l.'dl Llelemmns OCCUpYing
energy levels in a certain energy r'alag,e This is done through a function called Fermn Factor
fiE)It is given by,

oE)-————

 ——

“Ferm factor is the probability of occupation of & @iven energy state for a material in thermal
equilibrium™

Probability of occupation 15 considered for f'u!EuwinH CASES;
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We have, F{E}=—h’-‘:— \f'a, L) .gmf b "f;.,
1~ S v
e 55 it R
o B——e
E =y 1 _.-1 ¥ e Y
HE) | 24 Al it i ‘CT
= II'| A :I -"J.-"- | II 4 .\-Il \] | '\'-.,_"-E.- :III II -
ﬂEﬁhﬂ' 1‘j'l_-"'.--ll ' = . “I_:ll'ti |'r ll‘“f‘u_l\"h
Wi == =)
I'I'-]I'_":'=“I| lllfl;:’""'. J ' r"i“‘“ [
|
o FE)1 mears, the cheray levk g;cu d ;Lh&;r‘is fm% probability that
the Lllrctmnuﬂcupy' 'EE;!EI‘I.EI‘E:" It y
. ml the Ene‘igy levels be:lq:;r.

ii)

igiNotes

L

@D

o All the energy levels above Fermi level are unoccupied. ie. 0% probability for the

electrons to accupy the energy level above the Fermu level

iii)

At ordinary temperature, though value of probability remains 1 for E<<Ey | it staris
decreasing from 1 as the value of E become closer to Ey

For E= E|-,

Department of Physics, ClTech




Go Paperless - Save The Earth

@DigiNotes

fE=

——

(Er=~-

There 15 50% probability for the electrons to occupy the Fermi energy level

R I E i il L1 R I TV
EL  THEORY
e
. : "I:b- 10 THE )
= T e O,
where, m — effe.mu.f&mmaf&/t] J ,'I i _‘:}f
Vy— Fermi velocity ™ A=l ] S f..* "1':‘,].-
h —Mean free path /- ,* N
¢ ==charge of the :In::u;nn ”a "i '. _:
— H;:'x__ll
‘ T IR
1. Specific hqi'f v Tha"'. L'jl tE_ 'fﬂr l!'nE*.qu duction electrons
can be Ehpl&fTﬁi a,s-n‘ﬁi]_cuw:q F ;_ ":f]_ .-I,..'
| | W\ |

According to qﬁantu;t_'lh eOry, . !].-"ﬂ_l lrm# &tn,r:daup'-.r gy levels close to E;
can absorb the emergy Hﬁ:r mmeﬁ‘mk the hr,g'ﬁer eﬂ’;fg}- states. "*nluniﬁﬂ' of such electrons

absorbing the h.perg}' i smaH and hem}g IT Wt i gqu h:,,- HJ

'\-\.{1_{51. — =

\ T T
JL ﬁ‘__L‘u";l L8 ].} "_ﬁx. 1 _l,_,éf W G
IHH [TUTE OF TECHNOLOGY

- -
(W)x 10" o= an e a0 € £ -
b U -\""‘“"\. I I 1 . iy, 0 i - i e
1Al § 1 =

/ | i £ II | i
Cr=10"RT. = l:.._--’- d ""'".:.l |-I | Y || @D, | U

C=(—)RT

Ex., For Eg=5c¥

This confirms with the experimentally observed values.
2, Temperature dependence of electrical conductivity.

The experimental fact that the electrical conductivity & has dependence on = and not on

== 5 explamed here,
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The dependence of aon T is analy zed as follows,

The free electrons are subjected to scattering due to vibration of ion in the lattice. If " is the
amplitude of vibration ,it is same in all the directions then the ions can be considered to be
present effectively in a circular cross-section of area IIr* The value of free path A

decreases when ITr’ increases. ie, ?.ﬂ-l; R =

Mow consider the facts,

» Energyof ion o square of the amplitude

ig,Bar. .3 "L-"” I”"'f‘r
i 'n.:'g-""-‘ | | r'- .-":}
o Epergvofiona Tem \ U Ill o
isBaT.. (@ SOV S 'ﬁ‘,
from eqn (3) &,{4}—r13u?a. b I{"?:l e 7Y
fromegn (2) —ho—. .. L—-{w! l.ﬁlih-.::,-~,
| L T
from egn (5) & lu“#*r.....:?‘ - B =
from (1) -H'-"}-*ﬂﬁ. 7l | & AT
A Nzl [ 2 N va
3.Electrical condn “elee Lion. |' L — Y i
; I =2 >/
It was not possible ';J:: upﬁferﬁ‘pandl -*u.l ' Hum nﬂ'ﬁqlhpm which have 3 free
electrons/atom have hﬂ-ﬁ-u»qlh;:m , § su s ¢ and silver which
possess only | fre:: @mﬁamm Qui t&m free & :-:ntmd? r}r'ﬁd explain why,

5

h. " 7 /
We know that, 0=—— ... ‘;l; ”“'Q;;m_a "j}*“ e

Fm{i},lllﬁclmrﬂmi"i;l WW}M [é.\aluu;_k,r-—n }j{_

INSTITUTE OF TECHNOLOGY
The value of “n’ fnt,n],;nmmm‘ntsl 13 umr.a gh.::rthmmu ufnupper But'ﬂ:r. values nfl—}f‘ur

copper is about 3. I'H-ﬂmas 'ﬁlgmf.lhs,ﬂizﬁ ::d"ﬂu H\rﬂﬂlﬁ |
| |

Therefore, ::x:mduchutg.r of copper exededs that of aluminium.

I E—
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PHYSICS OF SEMICONDUCTOR

Semiconductors have conductivity in the range intermediate between those of conductors and
insulators. The resistivity of semiconductors lie in the range 107 to 10°°(m. Elements such as
Silicon (8i), Germanium (Ge} , Selenium (Se) and compounds such as Gallium Arsenide (GaAs),
Gallium Phosphide (GalP) are some examples of semiconductors,

Electron density in conduction band is given by

A
A (w10,
% e R = g
AW —a 7 ,A‘?;:.-

é}i \MWUY 5%,
Hole density in valence band is ,."" ¥ N ]
I AT '
4 [y B <10 Yo
i Z[E'ﬂﬂ:kr : F!H'F e :
™ it :'_r‘} :
H& 'r:‘:'/ﬂ‘ g
P/
Il

ol ¥

I
'rllr;l |

T
"I.I_
L

il i

EXPRESSION F E S IN IN
Pigie |
Electron density in u}.pi‘ihg band nby| L
- '-.h"'\_—\.l W
! El Y T

Hole density in vaicm::haﬂﬁﬁﬁ b Ild%nﬁ:ﬂhlj (™ E

2m Mj ISISTITUTE OF TECHNOLOGY
il = T .,,_hf & o B a . - -
DiagiNote<€ in
For an intninsic sermi '::n’;='f|,,‘“~r|| v e et o |
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o - —}-A?'h[f—’a-}

4 i
EXPRESSION FOR CONDUCTIV]E NDUCTING MATERIALS
"i'l».."' llr_.l‘:?..i
Carner concentration in an mmnﬁ a:mrl j;t .-:.-
The number of elecirons in "hi uction bat m{ mluma of the material is called

electron concentration (N, ) given 5 7 II./ . ¥

= SHIREI IR _ L:i‘:'_‘.l

| S

: =

N.= — (KT maj*e" =3I S,

LELELLA = | ‘I_.F'E

Where |5ﬂ1e¢ \W

Es 15 the Fermi I:n I

E, is the energy gap: ‘;"n'". '

s

it | F s S5
Similarly, the nu bﬂf_hdﬁ : | i vﬂ[uma-hflhaﬂsﬂalia called hole
i}.} U _.

concentration. (M

= 'F-= Jim
v T BRI D G E
Where  is the effective maprf PRefTE OF TECHNOLOGY
Er 15 the Fermi E

E, is the cnergy

gy and ., O SR R e -
. R = n i = '_III:' 0 &9 | rf'_"'
| [_| b ] [ BRYLE e s I
A U] W% el o '

T is the absolute temperature and
h is the Planck's constant,

In general, the number of charge carners per umit volume of the material is called carrier
concantration.

The charge camiers, both electrons and holes contribute to the conductivity of the semiconductor.

The conductivity of a semiconductor is given by the expression
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o =e [ (Noe) + (Nupw) |
where N, and N, are the carner concentrations of electrons and holes respectively.

pe and pp are mobility of electrons and holes respectively and "¢’ is the magnitude of charge of
the electron.

HALL EFFECT When a conductor carrying current is placed in magnetic field, an electnc field
1= produced inside the conductor in & direction normal to both current and the magnenc field

H

-

ety

I{IIF

-
= l\.-'.-"
\ 'h.

Consider a remaﬁggl'ar:]slah&% !mg—la c.u'.q'e'}'r; 1 along + X axis
Magnetic field B is piu:d_ﬁl'ﬁnq | “'mimm‘s left hand rule, the
Lorentz force on the electrons is 4l . f dm‘!EIhhbf'ﬂerﬂﬂs INEreases on
the upper side of fjlq#nah-zﬂ&jnd .' 'ml:.-' p-nl".y FE This develops a
potential Vy-Hall miuge I]I;'.!IH.I'&E:I'I the nh;r mrf#es. L ateiy, A stationary stale is oblained in
which the current @long the X a:tt‘sil_aﬁﬁhéﬁ@qd #f' £ s set | up
S _jj,-f“’*
(TAMBRRIDG TR
At equilibrium, Lorentz foréeds éqrfa t&'foreX dire o Ee | ANRr
INSTITUTE OF TECHNOLOGY

Ex sxion for ¢l

BeVy =- lF.El[
R, i _\K i { [u . !
D emn el m TR
Lu—h"«-’m | ) ” ) || | OBl A-WMId
1 R ] et o BOH |

=

;
But, Ey = }'ILL

V=l E;=B1V

Current density J=n w:—-—]-—=—]-

Current density J [ BER B s (1)
V= —
n ld

I —
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He W — s
" nd @
Bl
Electron concentration n, =-—
Vid
Ex ionn for Hall coefficient (R

Hall field is directly proportional to current density (J) and Magnetic field(B).

EucB LTU ”rﬁ;r
i
Eyy =Ry J B where Ry is a -:mm,n%s Hall &%@f
Ey=BglB EHJ ..': ! 5 "T"‘nh\[:;:"j

L=

Motility p=

(¢ “‘EU /i ‘%{*’:af

Current dersity ﬂweﬁ__-_'?_.ﬁﬂ"“ W

S1mpllﬁnng{1land{2}(_qﬁi % ]-% ||1:& H D I.rf‘q "E

IN 5T1TLTTE OF TECHNOLOGY

otes.in

Hall effect can be

=] '-..‘n [-H"

1. Determine the ' #lm

2. Caleulate carrier concentration, aiﬁi;ﬁh*.}r
3, Calculate Magnetic flux density B

4. Determine power in an electromagnetic wave
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MATERIALS

A dielectric (or dielectric material) is an electnical insulator that can be polanzed by an
applied electric field. When a dielectric 1s placed in an elecinic field, electne charges do not flow
through the matenal as they do i an electncal conductor but only shghtly shift from their
average equilibrium positions causng dielectrie polerization.

Dipole: Two equal and opposite charges separated by a small distance constites a dipole,

Folarization: The separation of effective centre ufpnsiﬂve and negative charges in a substance
by the application of electric field is kn E@‘i{

\". J—,'} | Y :

0G0 O
QL Q0

/@
+++ t

L= =,
£ e
Atomsin a dielectric inthe -"rl-!. h"_j |
absence of electric field "'w*.*“rf-"f | I _ !
_'—'_I-'Ji; Atom ma dielectric in presence of
e o= Il electric field
el M r—
4 [ e | I | 1| | II .ll.d--q '|I'H b
N o i Yy
Dipole moment is tgﬂmduﬁaﬁa@w e, 2 I|
—"-.LK - % _ S ;

Atomic polanzability n.:’ .af wherf?z

Polarization P= Di c‘im{ A lillll’t :]:Smm—
pol
IHST [TUTE OF TE HGL{?(JT

Polar dielecirics: /I_thEE ppsgess ﬂmmamﬁmrd.l pole mnmenl -They are permanently polanzed in

= |'|.__‘_,. ,-':IH"-'] [l RN ||[ e i ,-:"«'_' IJ H

L._ & B L 1.1 = ) I_|'III|

Ex: Water, KCI, MH' = M =) o |
Non Polar diclectrics

These are the materials which do not possess permanent dipole moment. They get polanzed only
in the presence of external electric field. Ex: Oy, N», He, Ne
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(a)ln the absence of a dielectric

Capacitance C wigws dickeciric

=F=

EH'\-\..-'

It is defined as the ratio of clpﬂclmpfwmﬁp a dielectric to its capacitance in

the absence of a dmlﬁ-trm

——— —

""i_
(8 f A N
There are fmrpogﬁi‘b.\i‘g*-afs, J'-"-iﬁ E-F-cﬂa r_af canin b Hie ;—;fnﬁrfhe?lpiﬁq@d in electric

field. Lx oe—1 |I || 5 N
2 | | o {
L. Edsctionly Pll‘lhl'lmlﬂi] | ,||I| U If '|:| I| { ‘:lh l'x
2. lonic pulan.m_nnn e JUHR L A e ! L~ SO
B e = i L 1
3 ﬂnemnﬂmzﬂm ‘ E f{“‘ |
s N A 2 /
—— mbm_a‘ _g-

Electronic polarization:-Th l—tl‘uﬂﬂ,?ﬂ,pf—guvrknt compounds. When a
covalent compound is ;*age.;! qft{f EI gﬁ@ dh_'ﬁi@,hm entof elediron tloud takes place relative

to the nucleus. This dliptﬂW‘fﬁq% d@fefm Fﬁfﬁ'f’ﬁd‘?”‘“" moment,

._f_f;?_-_ i e
(AN || oy
— L s » 4§
- L @ @
s e @ e@ e & @
* @ & @
@ @

Elecronic polari zability o, = ﬂ%;l!

Where, N is number of dipoles per unit volume which is independent of temperature,
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lonic polarization:
This is exhibited by ionic compounds.

When ionic compounds are kept in an electnc feld, displacement of positive and negative ions
occurs developing a dipole moment.

— il o
1] . PR
S o T e T .__._:ﬁ.-ﬂ' e ﬁ-_l:_:] Iq-_l:_—\__'_]
N on 't P b b
PR it

= B

COSOOO0  Sodhad od
NN o D
SRR Ry SRS )

lIIl- [
A T,
£ 5 ATy
Orientation rication: -
. ~\ e AN
-~ 1 ! ¥ L % i

|
sl ! | F-""I
Polar molecules ﬁ i"g!ﬁuﬂmm JE\-EII electric field,

already existing di les mﬁmﬂ Lr!:: ld This increases the
dipole moment ] ,“__?”_’: Ir’_““-..:.H Il
I..' A [ . | ] ! i .
W Flespirie Feld Eragivic Field (E]

/,
b
2l
\/

__.'_u-_: o [ & @ | s .

Py v | e T T et = = — I'\-I.:
Gttt d R e .'|-['.E-'~ F e e '| A
S ;! Nl 1 N ket o o I § &

Space charge polarization:

This polarization exisis in materials possessing  different phases due 10 difference in
temperatures, In such materials charge camiers dnfl and accommodate mn certain regions of
higher conductivity {electrodes) causing dipole moment. It oceurs in ferrites and semiconduciors.
Iis magnitude is very small compared to other mechanisms.
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No Field Field Applied

Space Charge Polarization
OISIOISIC) HHEO
SICICIOIC) OICICIGIC)
RE®EE ERO
SICISIOIC) @REOC
INTERNAL FIELDS IN A mﬂ, Ub:\—\-l J " ﬂ:,
It is the resultant of the applied ﬁeﬁ:i?erﬁd/ it Elu_e“"m all the dipoles.
Consider a dielectnic maﬁa! keptin i e [:,:;lj
2N : riﬁ"' = Ii [ A
ey [ A \ ¢
A m':‘,i-’fr.f '! | \] ¢ NIO
- ) )
Py ! (o=
@ g aa | JLIAL
o M " . ;_' ™ \, ~ L ﬁ,ﬁ/ jf J'EI ~
T l\‘\ 1‘-. _Eﬁ:-\"‘m yﬁjﬁ s

wﬁ&i‘% BRIDGE

INSTITUTE OF TECHNOLOGY

= & :ﬁ |H'“-~ = a I_ a 5 =
“ €2 Radtasea i
\ Ll "” u 'H.:.":IJ “ | -'J E:i:."r-x J r

The dipole is assumed to be inane dimen nunnl aﬁ‘ny and is oriented in the same
direction.

The electric field at O due to dipole A is given by

;.:msﬂ*yainﬂ'__ B oin=0
2med”  Ammd’ 2med”

E -

The electric field at O due 1o Ag
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Ex= ,!41
yr

£

as all dipoles are onented in the same direction.

Field at O due to A and Az is E 4 4 = ;ﬂT= E|

Similarly field at O3 due to B, and B; is = £ —=FE2
wlod )

The resultant field due n dipolesis gn'l:n by:,l OT ”!_
S %8, B E’a;% A
>

Q*)I"

'“H‘-I::,..r i
E"'&_h ,.:.: +W,."*r ............... >

'LTJ

::E_i"___ﬂ

.fr":, IJI
The internal eian:m-:{ ({: |:a E.l—

l:' ‘_.II;:-P"-. ) IIEJ.
[ B

(1 SIS B conammeyiot degeids NG 1 strocts=——

Hence {:‘E@Eﬁﬁ EF-JE | D fﬁ ll—lr--p

INSTITUTE OF TEE [HOLE]'GY

CLAUSIUS =M TrF fmr’ TN .- o dls o = 'l PA
| I- = | | | | "'. '\..I .l' | il I:r'_:-' - -,'I . 4 I |
This expression rclﬁ'th o \hﬂn!i}‘fnr( ) -

atoms (o) comprising it.

e -1 Nz

EY s

£ +2 3f,

Where, N is the number of atoms per unit volume
a is the polrisability of the atom
&, 15 the relative permittivity of the medim
&, 15 the permittivity of free space
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Proof:

If there are N atoms per umt volume, the electric dipole moment per unit volume —known as
polarization is given by

P=NoE
By the definition of polarization P, it can be shown that

P= g,k(s, =1)= Nat,

egli—-g F=Nal

Substituting for :E

"’P_j
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SOLID DIELECTRICS

» Jacketing Materials
e«  Moulding Materials
= Filling Matenals
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= Noulding Materials. These are used for

mechanically ngid forms of insulation, for

example, insulators, bushings and so on e.g are ceramics, glass (toughenad glass), fiber

glass reinforced plastics and epoxy - resins.

s . Jacketing Materials: Jacketing on a conductor for insulation, Polymers have been found
suntable Tor providing extruded insulating jackets 1o the conductors, For example,
polyethylene (PE), polyvinylchloride (PVC), natural and synthetic (ethylene propylene)
rubber are extiuded on the conductor in power cables. Polypropylene and paper are used
in capacitors and transtormers. Mica and fiberglass based polypropylene tapes are used in

electrical machines

.|l1“'|

HE ;

o [Beside oils, wax - based Qﬁunmgka.nd nun T ﬂl!.,mng impregnating compounds of

different types are u&ect:\w:
capacitors, and 1n51run1ental.tar£§j‘

plates, pipes and ledges, m{trlﬁﬂ L

ok

and isolators, The products; syth s

power cables, transformers,
anical Support In the form of
fE‘:I in transformers, circuit breakers

e thi laminates d
ﬂﬂ_gl;iper{ in paper laminates), woo

[

{vellow teak) 3.1'_&1] int i 5t
s LUlnlike gas:-:n.ﬁ nn&

i:.'-m..ssm. al 't pfbg'l .' cchﬂnm |
s Theit maﬁr@ﬁ d haél?: i

considerably a;t.%;l" eled

—

fies play |a
m mes..

_ rrthke!m M =
fl: I:I.'-II'IIFS ﬁl]ﬁl amiﬁj:mgéd_;m sl:lﬂld dielectrics due to

;%ﬂﬁbﬂ"lﬂé\’ \
: SETY h t h:-:le gince these
|| -\. .l_:l '..l

l'

stres

o Solid Dte]ec ics/ afe more ex h Ftl 5 {:f w\i@athgs {rain, storm, hail,
ice &Epnmts-ﬂc I, ul!ra_ﬂql' Wumﬁ@lﬁe 5 ﬁi[‘(u'ﬁ on @d'r salts et )
F _.-" 7
LIQUID DIE LEETRIE'.': -*;,__H rJ 7 §
e -. N e y

s [nsulating cils are used in ;:::rwer :i:'&ﬁﬁ

breakers, power|¢apacify
simultaneously, ﬂﬁﬁdmﬁbf

r,;@. d| .u.g%*ms

strument 11‘an5!‘urmers power cables, circuil
a number of functions
ng Voltage and the grounded

container, as in tranilﬂﬁ:irhfﬁ'UT[ DF TECI INOLOGY

s Im pre;gnanm

tranaf-:llméﬂ.: ﬁ an mpﬁ-frmﬁ:
o Cooling ac!iﬁﬁﬁv canvwr:ma irﬂlra:isfurm%

llﬁ!_l] tion provided in 'Lhm Iawrs nf paper m’ uther materials, as in

. wherg oifSior impre

ﬂlﬂg pnupds are used
1$%ind oil TFTFEaRes Hiowh circulation

e Filling up of the voids o form an electr ically stronger iniegral part of a composite

dielectric
Arc extinetion in circuit breakers

s Possess a very high electric strength and t
rangze
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CLASSIFICATION OF LIQUID MELECTRICS

& Organic and Inorgamic.

o Organic dielectnes are basically chemical compounds containing carbon. Among the
main natural insulating materials of this type are petroleum products and mineral oils,
insulating matenials are asphalt, vegetable oils, wax, natural resins, wood, A large number
of symhetic organic insulatng materials are alse produced. These are nothing but
substitutes of hydrocarbons in gaseous or liquid forms. In gaseous forms are flucrinated
and chlorinated carbon compounds. Their liguid forms are chlorinated diphenyles,
besides some non-chlorinated syrgtl'ﬂrq i!yﬂr rbons. The chloro-diphenyles, although
possessing some special ]]T{#l";’é}f a;e—nm. tl@} used because they are unsafe for
humans and very costly. S~ | \ _. | -“F'

s  Polvisobuylene offers h:ﬁaer 'ﬂiﬁﬂi!ﬁt “and- 1ﬁ3ﬁm1> properties than mineral oils for its
application in power cabl:saﬂ&ﬁa_;g i it ‘imw}y times more expensive

o Silicon oils are top gr&dehﬁ‘ﬁm ARG .-:-| aling liguids. They have excellent
stable pmpenms,_but bec g_msj:.'ly,_hamﬁ‘l"ﬂr fq.mq limited application for
special purposes in pﬁ}wer o Al \

= Among :m:ar *'quurrﬂ m" ials, highly [pllrﬁilfd wlgig-ql' liquid nitrogen,
oxyEen, :J.zﬂq:ﬁ dlar fhf»fl aride, helium elc. ha &ht«q-u m?estu&hi'ﬁi For possible use as
dielectrics. g

- Luqueﬁed gad-es, ’h’avuhg hi niore ﬁ'ﬁ:ﬂmnlh used n cryogenic

: e J_acmr ' |m-'e¢|gated for use as

dielectn csﬂpm&e En‘wer capam'urs anﬂ ulsed mr _n:lﬁlatclm j.ﬂd s0 on, because of
their high n;:lauw. p&nmﬂ*mt} Joiw msn tas;dﬁpndimﬂ and disposal. :’J.

"\-\,_H.‘

GASEOUS DIELECTRICS o
A1 08 AATO T T Taga 0

By applving a sensible electrical Neld, the dielectric gasus can be polarzed. Vacuum, Solids,
Liquids and Gases can be a dielectric material. A dielectric gas 15 also called as an insulating
zas. It is a dielectnc mat&n&l in gaseous state which can prevent electrical discharge. Dry air,
sulfur hexafluonde (SFg) etc. are the examples of pgaseous dielectric materials. Gaseous
dielectrics are not practically free of electrically charged particles. When electric field is applied
to a gas, the free electrons are formed. A few gases such as SF; are strongly attached (the
electrons are powerfully attached to the molecule), some are weakly attached for eg, oxyeen
and some are not at all attached for ez Ny Examples of dielectric gases are Ammomia, Air,
Carbon diccade, sulfur hexafluonide (5F;), Carbon Monomade, Mitrogen, Hydrogen ete. The
mpispure content in dielecinc gases may alter the properties to be a good dielectric.

Breakdown in Gases

When subjected fo high voltapes, sases undereo ionization producing free electrons and begin to
conduct.
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Properties of Dielectric Gases
The preferred properties of an excellent gasecus dielectric material are as follows

o Utmost dielectric strength.

» Fine heat transfer.

» Incombustible.

s Chemical idleness against the construction material used.

#  Inertness

«  Environmentally non-poisonous,

= Small temperature of condensation.

« High thermal constancy.

« Acquirable at low cost

Applications: It is used in transformer, radar waveguides, circuit breakers, Switchgears, high
voltage switching, coolants. They are uswally used in high voltage application.

- —
APPLICATIONS OF muacmcsmmmg e

] = BN
In the case of |l:|:-a.LI:att1;|g {}I-Eﬂﬂ'll: &L FE}lﬂf the mr[ifthng Lﬁﬁlwﬂﬁ} i  oppose the flow of a
current is dc«temlpeﬂ lﬂl.r f.iqq‘é} w]'ud'llshnw it {Iujr]cd.i %*Eh Spquﬁﬂ.l registance that a

dielectric ofTers; uqu ,quel:f@’_m dinions of I.'jgltays The 2 Iulir T gre*'.‘-cgtalcmb berween two
electrodes at high eia:tm; potenti 1‘.11 tn pr&ver{tﬁmfz_ qq:h ﬂmdﬁcﬂc source and ground
Petroleum oil is an. 'E&:::Erﬂpm‘ di j:ihl: and it is ;ed miepfu.elf asia, hydraullc medium for
equipment used E!F'I.JLIIIE!-L c]ecmﬂﬂ *ﬁpi:ﬂﬁiﬂus 5111:]1‘_&5 in sg mg..ﬁ;g,ﬁ wli?Qe clectric equipment,
lings, or tranummﬂﬂfﬂ il is dlso uﬂc:d in ﬁr.rﬂ:hgeurs transformers and other such
eleclrical quhipmeritdeslgnad m'-he msula wtghfgﬁqmd Thadlal_anm::-su{engrh of insulating

In liguid filled lrans[‘:}rmer “pﬁr"ﬁlf E—{g T‘*tﬁ %ﬂ{tj dings and provide oplimal
o 1he ta ere the die

performance. From the hu:nl.mm lecine Elun:l is al its lowest or “bottom™
temperature, the E'l’ﬂ.ui ﬂmw T-’Q{IJHH} uprthe-'m :]E;duﬁmaml Jshlltedhylhe windings. At the
top of the tank, w]m-é‘ﬂ!: thmlmmw. mithnstﬁr' ‘iﬂpm[teu;u:l’émhnh’ it exits the main tank and
enters 4 series afradlamrs or conli ng,ﬁm It then flows downward thmugh the radistors, where it
is cooled, and reenters the main tank at the bottom. In self-cooled transformers this cycle is
woverned naturally by convection. Natural convection can also be assisted by a senes of fans
directing air against the radiators increasing the rate of heat transfer and subsequent rate of
cooling in the windings. In seme large power transformers 11 1$ also possible o have a level of
forced pil circulation where a pump assists in the circulation of the fluid. This generally provides
a lower top oil temperaure and more uniform femperatures within the windings. Mixiures of
polychlorinated biphenyls (PCBs) used as a transformer diglectric fluid because of their non-
flammable nature and chemical stability.
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