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oSCILLATION, ULTRASONICS AND DIELECTRIC MATERIALS 
1.1 INTRODUCTION TO osCILLATIONS When we give a push toa pendulum or a string fixed

at two ends is plucked and left free to oscillate, it 

oscillates with a frequency given Dy. 
urbance which travels through availa

space or medium. In a wave motion, energy is 

transferred from one place to other place due to the 

repeated periodic motion of the medium particles 
When a wave passes the medium particles vibrate or 

wav 

.. for pendulum.. (1.1) 

scillate about their mean position. The oscillating . for string(12) 

partcies pertorm a perodic motion called Harmmonic

Motion 
The three features associated with a Low Energy 

Wavesare 0 energy is transmitted, (0) medium is not 

transmitted and (i) return to equilibrium is involved.

This frequency is called Natural Frequency ot the 

viDrating system. 1he trequency with which a body 

vbrates freely at its own is called its Natural 

Fequency.

no resistance i5 ofered to the movement of the 
vOraung DOdy, he body will keep on vibrating 

indefinitely. Such a vibration is called Free Oscillation

ibration.

Although the medium particles vibrate about their 

mean position, they transfer energy by transferring

motion from one particle to the another dt a regular 
interval of time.

or propagationof a wave the medium must satisfy the 

tollowing conditions 

In a free oscilation or vibration whenever a body 
disturbed, it vibrates with ts own natural frequency tor 

intinite time. But in practice, frictioniess system is not 

The medium must be elastic, so that it returns to its 
possible and amplitude of vibrating body decreases 

original position after oscillation.
Siowy to zero. When the friction is very less, the system 

The medium particles must have inertia so that it 
can be considered as Free Oscillation

Swings to the other side of the oscillation. 
Consider motion of a particle of mass m on which a 

The medium must be viscous so that the energy restoring lorce is acting9. such that the particie performs 
exchange takes place between the medium harmonic oscillabon. For harmonic oscillations, the 

particles 
The understanding9 of wave is an important aspect asit 

restoring force Is linearly proportional to the 

dispiacement ie.- y where k is the restoring torce 

transters the energy from one place to the other place. 
The most common types of waves are light, sound and 

constant ànd negative sign indicates that it acts in 

opposite direction to displacement
heat etc. AS wave propagation invoives the oSCinations . (1.3) 
ar medium particies, we must understand the 

ACcording to Newton's law 
oscillations to understand the concept or wave 

. (14) 
Propagauon.

12 FREE OSCILATON m Dec. 18 (1.5) 
The motion ot pendulum, piston of an engine, earth Comparing equations (1.3) and (15); 
around the sun follows the same path and repeats it 

after equal intervals of time. Such type of motion is 

called as Periodic Motion. The periodic motion can be 

either circular or linear depending upon whether t 

moves along circularpath or linear path. 
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Using equation (1.6),

Let (1.6) 

(1.13) 
y0 

From above discussions it is clear that the amplitude of 
The solution of equation (1.7) is given in the form, oscillation is constant or independent of tirne. 

Y 1.3 DAMPED OSCILLATION IMay 191 
In ideal situation, the resistance offered to the e 

oscillation is zero and therefore the oscillations will 

continue for indefinite time. But in practice the 
amplitude of oscillation keeps on decreasing due to 
resistive forces and hence oscillations will die out after 

and . (1.8) 

substituting in equation (.7) 

a e+e= 0 some time. Ihe time required to die out the oSCillation 

will depend on the magnitude of the resistive torce. 
ie (a+ o)e" = 00 

A motion damped by resistive force results into 

Damped Oscillation.

The resistive force is proportional to the velocity and in 

the direction opposite to direction of the motion. A 

.(L.9) damped system has following forces 

Thus the general solution of equation (1.7) is given by 9 Restoring force,-ky 

Ae+ Be (4.10) i) Resistive force, - r d 

Where, A and 8 are constants to be detem ined. 
where r is fmctional force per unit velocity. The above 

Y A (cOs (S1n 0 
forces are balanced by Newton's force*8 (cOs o-isin at) 

ie. y A* B) cOs ax +A-5) sin a ma-ky- .. (L14) 

Let A+B R sin 

and i(AB) = R cos5 
m + ky 0 

y RSin o cos at + R cos o sin ot 

y Rsin (ut + ) (L.11) m dt m 

From equation (1.11) it is clear that R is the maximum value
of y. Thus R is the amplitude of oscillation. The value of y m 2b and Let (115). 

repeats when t changes by Z/a 1.e. 2 d'y=0
t y Rsin [o [t + 27/0o)+

y Rsin [(oR 4)+ 2 The solution of equation (1.16) will be in the form, 

y Ae (1.17)y RSirn (at + ) 

where, A and a are arbitrary constants. Differentiating 
equation (.17),

Thus after time interval of 2/a the motion will repeat

itself. The internal 2/o is called the periodic time T, Aae 
T 21/ . (L.L2)

The frequency, Ae and 

Equation (4) becomes 
Ac e2b A ae" +a Ae 0 
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.Ae (o+2ba+ )=0 displacement approaches zero as t increases. Such a 

motion is caled Critically Damped.
But, Ae 

. (1.18) Tne example is pointer of voltmeter and current meter

wch cones to rest without oscillation. 

Roots of equation (L18) gives 
Case : Under Damped: 

When b <o, the component V(b-)is imaginary. ZtVab-4)

The solution will be gven dy. btyb- (L.19)
y = Ae Be-

The general solution of equation (.1o) s given by 

where, VO-b)
y = Ae*V-wh 

i V1) dna 

Be-Vb-)t
Be (L20) y eAe Be") 

y eA (cos Bt +I Sin ßt) where A and 5 are arbitrary constarnt 
Case l: Over Damped or Dead Beat +B (cos pt-i sin pO] 

eI(A + 8) cos St +1A- 8) sin Bt] When b > wy(D-) is real and less than b. In this 

case power of both the exponents is negative. Thus the Let A+B asin 
displacement y consists of two terms both are and A-5) a cos 
decreasing exponentially. This type of motion is called 
Over Damped or Dead Beat y e (a sin g cOs st +a cos Sin st) 

Example of such oscillation is pendulum in thick oil. 
y e a sin (ßt+ ) (123) 

The equation represents the Simple harmonic motion

with amplitude aethe amplitude ot motion wi 
continuously decrease because of the tactorehe 

factor e Is called the damping factor and b the 

damping coefficient. 

Fig. 1.1 shows over damped oscillation.

The decay in the amplitude is decided by the damping
fartor and the oscillation is called Under Damped 

FHg. 1.1:Over damped oscillation 

Case IT: Critically Damped: Example of under damped oscillation is pendulum in 
air, electric osCilator etc. Hg. 1.2 Shows under damped When b = , if we put b in the solution it will 

not satisfythe differential egquation. Therefore, assume Oscillation. 

that y(b-0)i5 not zero but is tending to zero 1e. 

equal to a very small quantity h. 

Therefore solution becomes, from equation (1.20)

y = Ae +Be 

y e (Ae" +Be") 

y A (l+ ht.)+81-ht 
Y = eA + B) + ht (A -B) +.. 

y =els + ut 

(.21)

Fig. 12:Under damped oscillation 

L4 FORCEDOsCILLATION AND RESONANCE 
(May 18 . (122) 14.1 Forced Oscillation

S A+ B) and u = h (A - B) Wnere, Tl now we have discussed free vibrations in which the 

The equation (1.22) gives the solution of the differential 
equation. n equation (122) as t increases the factor

e decreases and S * utj increases. Iheretore the 

body vibrates at its own requency without any extemal 

force. But the situation will be totally difterent when 

the body Is Subjected to an external orce. Here the 
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body oscilates because it is subjected to an external comparing coeffcients of sin tpt -8) and cos (pt-) on 
periodic force. Such oscillation is called Forced both sides, we get 
Oscillation.

A(- P) = fcos (1.27) 
A forced oscillation can be defined as the oscillation in 

2b Apf sin L28) 
whicn a Doay viDrates Witn a requency otner tnan its 
natural frequency under the action of an externa 
perodictorce

In a forced oscillation, the forces acting on the body are 

Squaring and adding eguations (L.27) and (L.28),

A (-p+4b A* p= f (cos 8+sin e) 
A [(os-p+ 4b' pi) = P 

0 Restoring force, - kx. 
A (1.29) 

rOy 
(i) Resistive force, dt VI-p+4b'p] 

Dividing equation (1.28) by (1.27), we get, 
tüi) External periodic force, fsin pt 

20 AP tan A ( P 
The sum or above torces is balanced by Newton's torce,

ma -ky-d+ sin pt (L.24) 

tan -p (1.30) 

m dr -ky-df sin p quation (129) gives the amplitude and equation (1.30)

phase of oscllations.
m d +ky= fsin pt 

Depending upon the relative values ot p and o we have 

following cases. 
Ldy dm d my m sin pt 

Case I: When driving frequency is low Le. p << a 

= 2b. and m In this case, the amplitude of oscillation is given by, Taking m 

d2b dt +y fsin pt VI-py4b'p) .(1.25)

The equation is differential equation of motion of particde. 
Vo constant

Ata steady state the body oscilates with the requen 
of applied force and not with its natural frequency. The 

tan tan (0) -0 and solution of equation (l25) will be of the form, 

y A sin (pt-) .. (L20) The arnplitude depends on the magnitude of applied force

where, A and 8 are artbitrary constants, Differentiating and force and displacement are in phase. 

equation (L.26),
Case I: When p = o ie frequency of the force is equal to 

he trequency of the body 
d Ap cos (pt-6) 

In this case the amplitude of oscillation is given by, 

and d Ap' sin (pt-) 
2bnTo 

P 

Substituting in equation (1,25)

and tanOtan () = y2 -Ap" sin (pt - e) + 25 Ap cos (pt-8)+ A sin (pt - 8) 

fsin pt-f sin [(pt-9)+8] Thus the amplitude of oscillation will depend on the 

damping force and the amplitude wil be very large. The 

displacement and the force will have a phase difference of 
A (o-P) sin (pt-8)+ 2b Ap cos (pt-)

t Sin (pt-8) cos 8*t Cos (pt5) sin /2. 
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Case I1: When p >> ie. the frequency of the force is Thus Amax approaches to infinity when damping force

greater than natural frequency o of the body. approdcnes o Eerd. 

The amplitude in this case, Snarpness or Kesonance 

The amplitude of forced oscillation is maximum when A V 4b pp Tp the frequency of the applied force satisfies the 

condition ot resonance Le. p V-26). the 0 tan tan ana 
requency changes from this value the amplitude tais. 

tan (0) = T The rate ot fall in the ampliude wrth the change of 

forcing frequency on each side of the resonance 
Thus the amplitude A decreases and the phase difference 

frequency is called sharpness of the resonance. tends to . 

1.4.2 Resonance Fig. 13 shows the variation of amplitude with the 

forcing frequency at different damping values.
In case of forced oscilation, a body vibrates with the 

frequency ot the extemal torce causing the Oscillation 

rather than its natural frequency. The resultant 
No dampingamplitude under forced vibration is given by equation, 

A 

-p+ 4b p 
narp resonanoe 
(low damping)

. (131) 

From above equation it is clear that the resultant 
amplitude of oscillation varies with the frequency value 
of force p. For a particular value of p the amplitude 

Flat resonance 
high damping

becomes maximum. This phenomenon is known as 
arcing requeney

Resonance 
Thus, phenomenon of making a body oscillate with its FIg. 2.3: Resonance 

natural freguency under the influence of anotherosCliating body with the same frequency is called FFERENILAL WAVE EQUATION Dec. 17 
resonance For amplitude to be maximum A wave motion is a disturbance which travels through 

VTles-p*+ 4b p'} has to be minimum. available space or medium and the medium particle

vibrates around their mean position when the wave 

ie ap-pi*+ 4b'p'1 = 0 approaches. The motion is handed over from one 

particle to the next after regular interval of time.
2 (o-p)-2p) +4b (2p) -0 

-p 2b Consider a progressive wave originating at the origin o 

and travelling along the positive x axis with velocity 

P V-26) . (1.32) as shown in ig. 1.4. 

If the damping is small ie. b is negligible, then above

equation reduces to 

P . (1.33) 

which is the condition for resonance. 
Substituting this condition in the equation (1.31) we get 

AnasNtp-p+ 4bP 
********

2bp .. (1.34) Fig. L4:Progressive wave 
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As the wave proceeds, each successive particle of the -)Vsin x)(141) medium is set into simple harmonic motion. Let the 

time be measured from the instant when the particle at comparing equations (1.40) and (1.41) 
the origin O is passing through its equillbrium position, 
The displacement y of a particle at O from its mean 1dy ...(1,42) d d 
position at any time t is given by, 

Y a sin ot . (L.35) dt .. (143) O 

y a sin (1.36) This is the dirferential wave equetions. 

SOLVED PROBLEMS
where, = 

Problem 1.1 : tquation of wave moving on a string is y =8 

Now consider a particle at point A at a distance x from (002x4.00 0. Here y and x are in cms ond t in secs 
O, the wave starting from O would reach the point in Find amptitude, frequency and velocty of the wave wo 
w) seconds later than the particle at O. Therefore. particles ot any instant are stuotedat 200 cms oport 
there is a phase lag of (x/v) sec between the particle at alcuGre the phase diference beween the two particles, 

points A and o. Therefore, the displacernent of the Solution: The given equation is 

partide at A at a time t will be same as that ot partide y 8sin r (0.02 x-4.00 

This equation can be put in the following way: at O at a time (wv) se earlier ie. at time (t-xV). Thus 

equation (1.36) becomes, y 8sin 2n (0.01 x -2.00 t) ... (1) 

ya sin- comparing this equation with standard equation
(L.37) 

This represents the equation of a plane progressive y-a sin 2- .. (2) 

wave. Amplitudea 8 cm, periodic t1me 

Ihe other torms ot tne equation are 
2.00.50sec. 

y a sin Tyt-x
Frequency n 2.0 sec 

y a sin (vt-x (L.38) 

wavelength 001 100 cm 
Now wave speed 

AISO, 
VnA 2.0 x 100 200 cm/s. 

f the distance between wo points be Ax then phase yasin 2z 
difference between the two points is gven by 

a sin 2 40 xAx = 100 x 20.0- radian . (L39) ** 

For differential equation of a wave, differentiate equation x 180 -721 : radian = 180 
(1.38) 

Problem 1.2:A simple progressive wave is represented by 

d cosM- the equationy = 0.5 sun (s14 t-12.56 where y and x are 
epressed in meters and t in secs. Find ( amplitude 

(0) waveength, ( speed of the wave. (d) frequency, and -asin (t- . L.40)| (e phase difference for the points 7.5 meires opor 

Again differentiating equation (L38) w.rtt, we get 
Solution: Here y - 0.5 sin (314t-12.56 x) 

The equation can be put in the following form 

aosM- y 05 sin 12.56 (12.56t-x
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Comparing this equation with the standard equation 1.6 ULTRASONIC WAVES May 18 

We all know that sound is due to the Vibrations of y a sin (vt-x)
Particles of the Medium. Human ear can hear the 

sound waves of frequencies between 20 Hz to 
20,000 Hz This range of frequencies is known as the 

Audible Range.

(a) amplitude a = 0.5 meters 

)1256ie. A 256 05 meters 
The sound waves whose frequencles are greater thann

(c) velocity v 1256 25 meters/sec. 20,000 Hz are known as Ultrasonic Waves. The 

wavelength of utrasonic waves is very smal as 
compared to that of audible sound. The sound waves 
which have frequencies less than the audible range are 

(d) frequency n-i -05 -0 per secl 
Problem 1.3:A train of simple harmonic wave traveling in 

a ges along the positive direction of X oxis with an amplitude 
2 cm velocty 45 metres per sec ond frequency 75. Coicute 
the displacement particle velociy and occeieration a o 

distonce of 135 cm from the origin after an interval of 3 sec 

called as Infrasonic Waves

The utrasonic and infrasonic frequencies are inaudible 
to human beings but they are audible to some birds, 

dogs and insects. A dog can hear sound of frequencies 

above kZ at5 can near ound waves o 

Solution: The displacerment of a particde y in a plane frequendes upto 100 kHz THs enables them to move 

progressive wave is given oy freely even in the dark. 

As the utrasonic waves have very high frequency they 
undergo very less diffraction and therefore less 

spreading.Because of this property. high energY can 

be concentrated in a very narów beam and can cover 

y a sinvt- 
Here a 2 cm, v 4500 cm/sec, n = 75 

x135 cm, t = 3 sec very large distances with very less losses of energy. This 

special featuremakesthem Usefulin many applications 
17 PRODUCTION OF ULTRASONIC WAVES 
Ultrasonic waves cannot be produced by the ordinary

method ie by using mechanical vbrations. This 15 

because otthe comparatvey ow natural requences 
of the moving parts. Hence other methods are used tor 

the production of uitrasonic waves. Ihe method chosen 
depends upon the output power required and the 

x7560 cm 

y 2 sin 6o (4500x3-135) 

2 sin 2sin (445n
= -2 sin /2=-2 m 

The particle velocity frequency range needed. 

A device which produces utrasonic waves is called an 

Utrasonic Transducer. To generate lower frequencies,
a mechanical type device such as Galton's Whistle is 

used. Magnetostriction method Used when 

frequencies upto 300 kHz are needed, while piezo-
electric generators are used mostly for frequencies

cost-
As above sin (vt-x)=-1 

. cost- 0 
above that. 

1.7.1 Plezo-Electric Effect Dec. 18 May 19 Hence d 0.0 cm/sec 
When opposite faces of a thin section of certain 

crystals like tourmaline, quartz etc are subjected to Particle acceleration, 

distorton by applying Pressure or Tension then 

Equal and Opposite Charges are developed on the 
faces perperndicularto the taces subyected to distortion. 

The magnitude of the potential difference developed is 
proportional to the amount of distortion produced.

d 

x(-2) y (60 
8.437 x 10 cm/sec 
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The polarity of the charges gets reversed when the 

direction of the force of distortion is reversed. This 

phenomenon is known as Plezo-Electrk Effect

potentia, utrasonic waves can be generated by this 
method. 

The frequency of the thickness vibrations 

sure 
The frequency of the length vibrations 

Fig. 1L5: Plezo-electric effect

V he coverse ot piezo-electnc erfect s also true Le. f a 
potential difference 5 applied acrossthe two faces ofwhere P 1, 2. 3, etc for Fundamental First
the crystal t expands or contracts depending9 on the Overtone and Second Overtone respectively, E is the 

strength and direction of the applied field. Young's maodulus, p is the density of the crystal, t is the 

nstead of steady voltage if an alternating voltage is ck3 ana Tis tne length of the aystal. 

applied across the faces of the crystal. then the crystalP0-Electrc oscilato
will expand and contract alternatvely. This atemate

Dec. 18 
The experimental set up is as shown in Fig. 17. 

expansion and contraction wil make the crystal vibrate The high frequency atemating voltageapplied to the 
crystal is obtained from an osillatory circauit

(nductance Ly and a vañable condenser G in parallel). 
One end of the oscillatony circuit is connected to the 

plate of the valve and the other end to the gnd. The 
quartz crystal is placed in between wo metal plates A 

and B to tom a parale-plate capacitor with the crystal 
as a dielectric. This is connected in parallel to the 
variable condenser C 

fthe frequency of the applied a.c voltage happens to 

equal to one of the modes of vibration of the 

gystal, rexonance occurs and the crystal vibrates with 

maximum amplitude. 

0, 
opic ax 

By adjusting the variable condenser, the frequeney of 
the osilatory circurt 5 tuned to the natural frequency 

of the crystal.

TEUC 

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

At this stage, the crystal is set into mechanical 

vibrations and utrasonic waves are generated. By this 

method, utasonic waves upto a frequency of 15 x 10 

Hz can be obtained. 
Mechankca 

axis 

Fig. L6:(n) Natural quartz crystal and (b) Trensverse section

of quartz crystal cut along a plene 

C, rysal) Perpendiculer to the optic as 

Fig. 16 (a) shows a natural quartz crystal and Fig. 16 6) 
shows a transverse section of the crystal.

Consider a quartz aystal plate of thickness t and 

length (along the optic axis). When an alternating 
Fig. 1.7: Piezo-electric oscillator 

voltage is applied across the faces of this crystal alongAematve Method for Plezo-electric Oscillator 

the electical aas, then altemating stress and strain is 

set up both in ts thickness and length.

the requency of the afternating voltage coincides 

with the natural frequency of vibration of the cystal, 

resonance Occurs. The crystal vibrates with large

amplitude. On maintaining suitable alternating 

The piezo-electric oscillator uses basically a Hartey 

oScillator. Ihe transistor s biased using the resistors R 
Ra and Re. he combination of Li Lz and Ci works as 

tuning circuit which is couple with the transistor with a 

coupling capacitor C The capacitor Cz is used to 

provide positive feedback. 
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The resonance frequency of the tank circut is given by Instesd of a steady field, if an alternating field is used, 

the rod expands and contracts in length alternately. 

LC where L= h +la 
his sets up a longitudinal viDration in the rod wrose

requency s twice the trequency or the altemating 

magnetic field. f the natural frequency of the rod and 

the frequency of the alternating field is the same,

resonance occurs and the amplitude of vibration of the lezoelectric 
F Plates 

rod is maximum.

The range of trequency depends on the dimensions of 

the magneto strictive material. The longitudinal 

vibrations thus produced are exactly ike those 
DIuabonRNave 

produced by a rod which is clamped at the mid point 

but has both ends free. 

The frequency of vibration of such a rod is 

Fig. 1.8: Plezo-electric oscillator 

Working where E i5 the Young's modulus,

When the circuit is SWitched on, oscillating currents are 
lis the length of the rod, and 

produced in the tuning circuit,
PIS ts dernsity of rod. The oscllating currents generated by the tuning circuit

are sustained and the electric signal obtained at the 

output is applied to the piezoelectric crystal through
cOupling capacitor Ca 

Rod 

When these high frequency electrical signals are 
Fig. 1.3: Magnetostriction effect 

applied to the crystal, because of reverse piezoelectnc 

e, ne crystal undergoes alternate contraction and agnetostncuon oscillator

expansion. Ihese vibrauons produce uitrasonic waves. This apparatus generates ultrasonic waves and is based 

The frequency of ultrasonic waves can be changed by on the principle of magnetostriction. 

varying the values of components of the tuning circuit
Fig. 1.10 shows the experimental set up ot magneto

as per the relation f= LWhen frequency of striction oscillator. consists ot a permanenty 

magnetised nickel or iron rod (magnetised ihitaly by 
oscillation of the tuning circuit becomes equal to the passing direct current in the coil which is wound

naturel frequency of the cystal f VN. around it). The rod is clamped at the centre. The fwWO 

coils Ly and l, are wound over the rod, 
resonance occurs and crystal oscillates with maxumum 

amplitude and amplitude of ultrasonic waves will be he exciting col L 15 connected to the plate circut of a 

valve while the col la is coupled to the plate via the maximum.

Ultrasonic waves upto frequency of 15 x 10 Hz can be grid circuit. 

produced USing piezoelectnic oscillator. By adjusting the vaiable condenser C, high frequency 

1.7.2Magnetostriction Effect Dec. 17, May 18] oscilation currents are set up in the plate circuit. Ihis 

high trequency current tiowing through the col 
According to this phenomenon, a rod of 

produces changes in the length of the rod. Due to this,
Ferromagnetic Material Such as ron or nicke

undergoes a Change in its Length when placed in a the rod expands and contracts alternately and a 
Vibration is set up in the rod. 

magnetic tield parallel to its length. 



ENGINEERNG PHYSICS (ATU L10) 05CLATON, ULTRASONICS AND DELECTIRIC MATERIALS 
Fero 

The appropriate frequencies at the end of the tank 
circuit are ampified and the oscillations corresponding 

to them are sustained. The resonance of tank circuit is L 

given by 2 yic where G CGA d.c. Flxed 

Dsa Singpoint 2 

rerromagnebc rod is kept surrounding to a col in the 
shape of solenoid at the output of the oscillator. 

Working
When the circuit is switched on oscillating currents are 

produced in the tuning drcuit The oscilations 

appeanng at output temnal ot oscilator circuit are fed 

tne magnetostncton co through the coupling 
capacitor a The magnetostriction col is placed 

surOunding the femomagnetic rod. 

-1. 

wves 

Flg. 1.10: Magnetostrictlon oscllato 

These vibrations in the length of the rod cause a 

variation in the magneic ux nog 2 The coil produces magnetic fheld which 5 alternateEy an emt. s induced in t. This nduced emt s Ted to 

tne gnd wich produces large vanations in the plate 

Current Thus magneto strictive effect in the bar is 

increased. 

changing in opposite directions &nd is applied around

the ferromagnetic rod. Due to magnetostriction effect,

ne cnanging magnetc eld causes rod to contract and 

expand atemately. These vibrations of the rod travel in 
SurTOunding medium in the form of uitrasonic waves. When the frequency of the circuit becomes equal to 

e natural requency or the rod, resonance occurs and 

uitrasonic aves of maimum ampitude are produced. 

y adjusting the ength of the rod and condenser 

capacity. high frequency oscillations of different 
frequencies can be obtalined. 

The frequeney of oscillating current in the tank circuit

can be changed by varying the values of the 

components of the tank circuit.

The frequency of vibrations of the rod is given by 

Alternate Method for Magnetostriction Oscillator f2 V 
where, P I5 integer,|s length of the rod, Y is Young's

modulus and p is density of the rod. 

When frequency of the tuning circuit becomes equal to 

natural frequency of the rod, the rod vibrates with 
maximum amplitude and ultrasonic waves with 

maximum amplitude are obtained. 

1.8 PROPERTIES OF ULTRASONIC WAVES 
As the wavelength of the waves is very sImall, ultrasonic 

waves suffer least diffraction. They can be Trensmitted 

Over Longer Distances as a highly directional beam 
without appreciable loss of energy.

Ultrasonic waves are Highly Energetic and may have 
intensities upto 10 kW/m, 

Fig 1.11 

Construction 
On passing through liquids, ultrasonC waves are 

propagated longitudinally forming nodes and 
The magneto strictive oscillator uses basicaly

Colpit's oscillator. The transistor is biased with the help 
of resistances Ru R2 and Re. The inductance L and antinodes. This produces Cavitaion Etfect 

capacitors C and C form a tank circuit and C is a n solids, ultrasonic waves propagate both 
feedback capacitor. The tank circuit s Useo To longitudinally and transversely. In transverse waves

selecting resonance requenY_ there exist no nodes or antinodes. 
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Velocity of ultrasonic waves depends on the the emf. generated due to the refilected waves is 

Temperature of the Medium through which it is recorded. lf v is the velocity of ultrasonic waves in sea 

propagaing water and t is the time interval beween sending and 

receivingOr tie wavE, tnen 
When ultrasonic waves are passed through a liquid 

kept in a rectangular vesse, they are reflected trom thne velocity of soundin sea x time Depth of sea 
bottom of the vessel. The directed and reflected rays 

get superimposed resulting in a stationary wave. Due 
d- 

to the tommation of the stationary wave the density of 

the node is greater than that at the antinode. Now, ifa 

parallel beam of light is passed at right angle to the 
wave the liquid acts as a diffraction grating. This is 
called as Acoustical Grating. 

Water leve 

7 
Lake/ ses Transducer 

1.9 APPLICATIONS OF ULTRASONIC WAVES
1.9.1 Scientific Applications 
Echo Sounding: Ultrasonic sound waves are used for rulse or 

rasonic waves
sound signaling. depth sounding, determining the 

position of ce bergs, submarines etc. These 

applications make use of the echo principle. The high Determining the Position of lcebergs, Submarines, 
a Shoal of Fish in Sea, etc.: The principle employed
here is the echo principle. Ultrasonic waves are 
reflected from objects even if they are very smal 
Hence the presence of submerged objects in the sea 

like icebergs. submarines etc. can be detected. Pulses

frequency 5ound waves can be readily formed into a 
narrow beam and can be focused in any desired
direction. Because of this, these waves can travel many 

DErOre deing absorbed. Ultrasonic 
ctal waves or kZ trequeney are generated Dy a cysta 

viDrator.he moment signal s sent rom the ot uitrasonic signals are sent out at short intervals. Ine 

transmitter, a detlection of the spot on the C.R.O. reflected echo is received in the uitrasonic recerver and 

screen is observed. The beam travels to the receiver or the time interval between the transmitted and receved

obstacle and reflects back. When the reflected beam signals is noted. This is the two way travel time from 

returns, it is indicated by a deflection of the spot on the the source to the target. Knowing the velocity of sound 

CRO. The time interval between the two deflections can 

be measured. Knowing the velocity ot the uitrasonic 

waves and the time interval,the position ot the recever Cleaning and Removing Dirt: Clothes or utensils that 

in water, the distance between the source and the 

1arget can De calculated. 

or obstacle can be determined. This is the underlying 
principle in echo sounding. 

have to be cleaned are subjected to ultrasonic waves. 
These waves will put the dirt particles or water particles 
into vibration. As a result, these particles loosen theirDepth Sounding: This application of ultrasonic waves

makes use of the Echo Principle. The depth of sea or attachment with the surface and fall-off. The same 

the depth of water below a ship can be calculated reamentIs USed ror removing soot ano dust rom tne 

chimney.Using ultrasonic waves. Because of thelr high frequency 
and short wavelengths, ultrasonic waves are nor 1.9.2 Engineering Applications absorbed by water so strongiy ds 

Non-Destructive Testingwaves. Waves oT trequency or about 40 KHz are used. 

ney are Produceo oy a ysta tensaucer and are Non-destructive testing is characterized by low 

intensity of the sound wave used. Here sound wave directed towards the bottom or the sea, at regular

intervalshe rerected waves trom the botom or the s not expected to cause any change in the 

sea are received by the same Crystal causing it to chemical or physical characteristics of the specimen 
vibrate. The vibrations generate a small em.f across its material. 
faces which is recorded on a sensitive CRO. The time Such applications are found in testing, inspection
interval between tne emission O P and quaity control.
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CRO 

in this case, utrasonic waves are propagated into transneodr uls 

Pe rom Raw 

he borioo 

the specimen underinspection.When the 

ultrasonic waves are incident on the defect 

reflection of the wave from the interface (between

materal and defect) in the object takes place. Thus, 

the defects are located without any real damage to ADa 

generatothe specimen. 

Utrasonic waves may be used for a large number 
mittindtranscucer 

Receiving 
ransducer of non-destructive testing on diferent material. 

Some of these are 

0) Ditrasonic fiaw detection 
Fig. 113 

() Uitrasonic study of structure of matter Cavitatlon 

When an ultrasonic transducer is placed in a liquid.
it produces ultrasonic vibrations in it This results in 

the development and implosion of bubbles. These

Flaw Detection 
The strength of components plays a significant role 

in mast ot the engmeenng applications. Any kind 

of defect greaty reduces the strength of materials. 
These defects can be as large as cracks or as tiny as 

bubbles are known as the cavttatiom bubbles and 

hey are formed as Tolows. 

When a liquid is subjected to a powerful ultrasonic 

cavities. radiston, tension deveiops at some point in a 

liquid. The excess stress tears apart the liquid
A high frequency pulse from pulse generator is producing a hollow bubble that sucks in dissolved 
impressed on a quartz crystal which iSs placed on gases and vapours

the specimen under test. The crystal (transducen The life time of the bubble is very short, and it 

olapses very quicky. During the implosion of the 

bubble, the pressure of the shock wave that is 

st cs à ransmitter sending out high 

Tequency waves into the specimen. 

ormed near the bubble resches several hundreds
Then it acts as a receiver to receive the ultrasonic 

of atmospheres 
echo pulses reilected fronm the flaw and from the 

The formation and implosion of bubbles accounts
far end of the specimen. The recelved ultrasonic 

for erosion and pitting of an ultrasonic transducer 
echo pulses are transformed by the transducer into 

kept in the lquid. The bubbles have wo efects 

(0 they produce a dense doud in front of the 

transducer and block the propagation of ultrasonic 

cormesponding electric echo puises of the same 

frequency. These are then amplified and displayed 

on the CRO. screen as a series of pulses. waves, () requent implosion of bubbles destroys

The first puse corresponds to the transmitted the surface of the transducer causing pits.

wave, the next pulse corresponds to the reflected Even though cavitation bubbles formed by 

wave. ie. frst one from the flaw and the second uitrasonic vibrators in liquids block the wave 

one from the far end of the specimen. Each ropagation, it has some successful industrial 

reflected pulse is indicated at a particular time after pplications like utrasonic cleaning. ultrasonic 

emulsification etc. the initial transmitted pulse. Te tre neva 
between the transmitted and reflected pulse trasoniecleaning

represents the distance travelled by the wave. From Ultrasonic cleaning is achieved through a 
this the exact position of the fiaw is located. combined effect of cavitation and acceleration of 
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tne cleaning liquid. Utrasonic waves in liquid 

produce cavitation 1e. tiny space in the liquid. The 
T 

vacuum created in these spaces exerts a strong Pull where, v s the veloCIty of the uitrasound in the 

on exposed solid surfaces. This detaches any 
particles of dust attached to them. 

material and tis the time Deween the pulse Deing 
transmitted and the echo being recelved

SampleThe transducer is placed at the bottom of the tank 
in which the cleaning solution (either a water 

detergent solution or standard solvents) is taken. 
sonic 

For the cleaning of metallic parts, low frequengy 
waves are Usea wne 0 eaing9 ores nign 

Trequency waves are used. Ine Specimen to be 
9enerdio

cleaned is kept immersed in the cleaning solution 
Transducer 

in the tank Suppor ung 

Ultrasonic Emulsification 

I has been observed that intense ultrasonic waves
f the velocity of ultrasonic waves in the matenal is 
not known, then the value has to be determined 

can thoroughiy mux immiscible liquids like oil and 

water to forma stable emulsion. The emulsification 
expenmentaly by using the same material whose

results because of the cavitation bubbles
thickness is already known. From the known values 

imploding 
liquid and vibrator, and also between liquid and 

the boundary surtaces betweena 
of T and t the velocity v of utrasound in the 
material can be calculated. 

walis or the container. 

The two iquids which are to be emulsified are 
The advantage of using ultrasonic waves for 

thickness measurement is that the thicknes5 can be 
taken in a container. his container is placed in a 

measured tTom one side of the rest plece. Ihere is 
liquid bath which is subjected to strong ultrasonic 

no need tor drilling holes or otherwise intlicung 
vibrations by a transducer. Then emulsification due 
to gas bubbles takes place at the surface of the 

damage to the piece.

container containing the two liquids. 

Measurement Gauge 
1.9.3 Medical Applications 
Certain tumors which cannot be detected by X-rays can be 

Ultrasonic thickness measurement is based on the etected Dy urasonic waves. Joints affected by rheumatic 

pains get great relief when exposed to ultrasonic waves.Echo Principle. A piezoelectric tränsducer atacie Suraical use of ultrasonic waves include the selective 
piEE 

Convets the electric pulse into rsonc Waves nclude the selective 

unurasonic waves. Ihe transducer can be attached dnoperation. Oltrasonic waves
to the test piece directly or it can be coupled to the 

are very useful tor dental cuttung because

piece Dy an incompressible medium such as oll or y aE e cung dimost painiess. 

They cut the hard maternial very easily, and water, 

ne urasonic waves propagate into the test piece. ney do not require any mechanical device for cutting

They travel through the sample and are refletted purpose. Ihus, ultrasonography now has become an 

important tool which help physicians in diagnosing and back from the opposite surface. The same 

transducer then receives the reflected echo and treating medical allments. 
corverts it to an electrical pulse. The time taken for Problem 14 : Cakulate the naturol frequency of the 
the pulse to trevel through the sarmple is related to thickness vibrations for quartz plate of thickness 5.5 10 
the thickness and the velocity in the material. The given thot YoungS modulus atong X-axis is 8 x100 N/m 

thickness Tcan be expressed by the formula, and densty of cYstal is 265 *1° kg/m 
velocity of sound in specimen x time atat.* 10 mt 8 x 10 N/m, p = 2.65 x 10 

kg/m hickness 2 
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Formula: The fundamental frequency of thickness Data:l = 40 mm. p = 7.25 x 10* kg/m. 

vibrations is given by 

Formula: -

V 1 
2x40x 10 V 7.25 x 10 

113 10 
Solution: 

x " 

2x5.5 x 10-3V 2.65 x 10 
Solution: 

49.75 kHz 
2x 5.5 x 10-3 * 5.5 x 10 

Problem 1.8:An ultrosonic source of 70 kHz sends down a 

S00 x 105 Hz pulse towards the sea bed which retums after 0.5 sec. The 
velocity of sound in sea water is 1400 cm/sec.

S00 kH2J () What is the depth of the sea ? 

Problem 1.5 : Colculate the frequency of the fundamenta () What is the wavelength of the putse in water ? 
note emitted oy a piezoelectric cystal Using the fotowing Data:

Gota. vibrating tengin =3 mm, Youngs modutus 8 *I0 m/sec 

ond densty of cystat s 2.5 g/cm 

70 kHz = 70 x 1O Hz t= 0.5 sec, v= 1400 

Data: ( -3 mm, E 8x 10" N/m, p 2.5 g/m Formulae: (0 A g 

Formula: The fundamental frequency of length vibration is 
Velocity oT water x ime_v (i) Depth of sea given by 

Solution: (0 D =350 m 
8x 100 n 2x 3x 103 25x 10 

( Wavelength, A = 70 x10 20x 10 m Solution: 

0.943 x 10 Hz Problem 1.9: Calculate the thickness of a quartz plate 
requred to produce utrasonic woves of frequency 2 MHZ 

945 kH2] 
Glven: Density of crystal = 2650 kg/m 

Problem 1.6: An utrasornic source of 0.07 MHz sends down Young's modulus= 8 x 10 N/m? 
pulse towards the seabed whtch returms after 0.65 sec The 

velocity of sound in sea water is 1700 m/s Catcutate the Data F 2 MHz 
P 2650 kg/m3 

E8x1010N/m2 

depth of sea and the wavelength of the puse 

Data: f 007 MHz, t 0.65 sec, v1700m/s 
Formula: The naturat frequency Fomulae: () Depth of sea = yo Sound in sea x Iime 

Solution: Take P 1 

=00 x 0.65 5525 m nx 1010 
2x2x 106 V 2650 

Solution: v 

(n) Wavelength of the pulse,
137 x 10m 

1/00 
f0.07 x 10° Hz - 24 cm t 137 x 10- m 

Problem 1.7: Calcuiate the natural frequency of 40 mm Problem 1.10: Calcutate the naturat frequency of a cast 
length of a pure iron rod: given that density of pure iron ison rod of 26 Cm tengtn 

.25x 10 kg/m" and ts Young s modtus 5 5 Give: Density of rod 7.23 x10 kg/m3

N/m Dec. 17 Young's modulus= 1.16 x101" N/m3 
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Data:= 2.6 cm p = 723 x 10 kg/m E 116x 101N/m

Formuia
Formula:

L16x 10 Solutlon: n2x 2.6 x 10 723x 10 116 x 10 Solution: n2x 26x 102 V 7.23x 10 n 770.29 x 10 Hz = 7.03 kH 
n77029x10? Hz = 77.03kHz] Problem 1.14 : A quortz crystat of thickness 0.001 metre is 

vibrating at resonance Colculate the fundamentat frequeny
Problem 1.11 :A quortz crystai of thickness 000 metre 

given that Y for quartz is 7.9 x10" N/m and pfor quartz is 
vibrating at resonance Calcuiafe the funcrentdt regenY 2650 kg/m'. given that Y for quortz is 7.9 x10" N/ and p for quartz t 
2650 kg/m Data:t 0.001 m, A 7.9 x 10 N/m. p 2650 kg/m 
Data: t 0.001 m, A = 7.9 * 10 N/m', p = 2650 kg/m Soludon: f åV 

Solution: 
2x00011 10 

2x0.001 V 2650 
79x 10 2729.9 k 

80 kHZ 
L10 INTRODUCTION TO DIELECTRICS 

2730 kHz 
Problem 1.12: Colkulote the thickness of o qu p A Dielectric is an insulating material in which all he required to produce uttrosonic waves of frequency 2 MHz 

eectrons are tighty bound to the nucleus of an atom. 
here are no free electrons available for the conduction 

of electricity. Thus the electrical conductivity of 
dielectrics iS very less, idealy it is zero. 

Gven : Density of crystal = 2650 kg/m 
Young'smodutus 8x10 N/m 

F 2 MHz Data:
The distinction between a dielectric material and an 

P 2650 kg/m 
E 8x 10 N/m 

Formula :The natural frequency. 

insulator les in the applicabon to whicn it is empioyea. The best examples of dielectrics are glass, polymer,
mica, oil and paper. 

The nsulating materials are used to prevent the electrical flow of electnc current to undesired locations, 
whereas the dielectrics are used to store electrical 

Solution : Take P = 1 
9y 

1.11 DIELECTRIC PARAMETERS 
1111 Dielectrie Constant

t X 10 
2x2x 10 V 2650 

1.37 x 10m 

t7x 10 
|IMay 18 

tis observed that the storing of capacity of a capacitor 
ncreses t the space between its plate is filled with 
dielectnc material. If Co Is the capacitance in vacuum Problem 1L13: Colculate the natural freguency of o cost 

uron rod of 2.6 cm iength ana the capacitance when the space is filled wit 
dielectrc matenal then the Dielectric constant of the Glven: 
material i 

Density of rod 7.23 x 10 kg/m 
Young's moduhus 116x 10 N/m 

26 cm 
p 723 x 10' kg/m 

E 1.16x 10 N/m 

K (144) 

Data: Thus, the dielectric constant of a material is the ratio of 
the capacitance of a capacitor completely illed with 
that material to the capacitance of the same capacitor 
in vacuumn
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other words, the ratio of permittivity of medium to 1.114 Polarizablity May 18 

that of the vacuum is 
When a dielectric material is placed in an electric fField, 

the displscement of electric charges gve rise to the 

creation of dipole in the material. The polarization P is 

e. K (L45) -

where K dielectric constant directiy proportional to the appled electric field E. 

relatrve permittvty. P 1.e. 

pemttivity of material P .. (147) 

Eopemittivity of vacuum where Is a proportionality constant known as 

Polarizability and the unit is fm'. 1.11.2 Electric Displacement May 1) 
The Eectric Displacement field in a materialis defined the dielectric material contains N dipoles per unit 

volume, then,

D E+P (1.46) PNaE (1.48) 

where, e is the permittivity of the free space or 12TYPESOF POLARIZATION 
vacuum, E is the electic field and P is the polarization 

When an electric field is appied to a dielectric material density of the electhic maternal. 

t creates or realigns the dipoles resulting m 

The electric displacement field is a vector field having 
unit c/m. 

polarization. The main types of polarization are 

caregorsed as below 

The electric displacement field is a vector field which 

describes the displacement effects of an electric field
Electronic polarization (P) 

lonic polarization (P) on the charges within a dielectic materia, such as 

polarization charges or bound charges. Orientation polarization (Pa) 

n short t s the charge per unit area that would be 112.1 Electronic Polarization 

displaced across a layer of conductor placed across an 
A dielectric material has large number of atoms having electnic field

nudei at the centre and electrons around it in different 

L113 Polarization orbits. When an electric field is applied, the nucleus

When an electric field E s appled to a dielectric 

material consisting of positive and negative charges,

moves away trom the tield whae the electrons towards 

the field. Therefore, there is a displacement which is 

less than the dimensions of the atom the type of 

polarization is called Blectronic Polarizaton. 
the positve charges move opposite to the direction of 

the held while negative charges in the direction of the 

ield. The electronic polarizations independent of 

The displacement of the charges creates a local dipole temperature. The polerization is given by 

in the dielectric. This process is known as Dlelectrie 
P, NaE .. (149) 

Polarizetion. 

Fig. 1.15 shows the concept of polarzation. The Fig. L16 shows electronic polarzation. 

Fig. 1.15: Polarlzation 
(o)E (b)E E 

The polarization density is defined as induced dipole

moment per unt voume. Fig. 1.16: Electronic polarization 































































































UNIT 

ELECTRON OPTICS, NUCLEAR PHYSICS AND QUANTUM MECHANICS 

3.1 INTRODUCTION TO ELECTRON OPTICS 1 Descriptlon and Working : 

t is a known fact that Cathode Rays consist of 

electrons moving witha hign speed. tiectrons ente 
nto the constitution of any kind of matter. ihererore 

before commencing the study of any electromc device.
it is imperative to understand the behaviour or motion

Cathode rays are produced in the discharge tube, when 

a high potential diference is applied between the 

cathode C and the ànode A. 

The rays then pas througn wo Sits or meta 

diaphragms S and S2 maintained at anode potentia 

of the electron under the action of electric andd he purpose of the slits is to obtain a fine beam of 

magnetic fields. The first part of the chapter is devoted electrons. 

to this. The beam stnkes the surface of the discharge tube 

The properties of the electrons of being deflected by normally at O. As it is coated with a fhuorescent 

electnc and magnetic helds and or producing
materia, Tuorescence is produced.

Scintillations on a tiuorescent screen are made use of in 
P and Q are two plates between which electric field is 

produced by applying a suitable potential difference.

This field is perpendicular to the plates and is directed 

from the positive plate to the negative 

the construction and action of a CRO and an electron

microscope 

.The electron microscope has gained a place a5 an 

invaluable device to professionals dealing with the ultra

small in a number of spheres. The second part of the Due to the electric held, the electronicC beam s 

chapter deals with these instrumentsand the principles
aeriected upwards Deing positive) Now, the 

THuorescent spot is obtained at K. 
of focusing of electrons required for the functioning of 

By placing the tube between the pole pleces of a 
an electron microscope.

Microscopy is now an invaluable tool for the study of 

the finer and smaller details of matter A preliminary

discussion of scanning electron microscopy and 

powerul electromagnet, a magnetic field is applied in a 

direction perpendicular to the plane of the plates and 

the direction of motion of electrons

he direction of the field s adjusted so that the 

eectron beam is detlected downwards. The fluorescent 

Scanning tunneling microscopy is 9iven nere 

The last part of the unit concentrates on positive rays 

and their analysis, which led to the discovery o 

isotopes with the help of mass spectroscopy. Details of 

spot is now obtained ats 

The direction of deflection of electrons under the 

EEgant O the ma5s spectrographs, the 

Bainbridge mass spectrograph are given in this section 
3.2 MEASUREMENT OF e/m' BY THONSONS2. Theory: 

MaTHOD

influence of a magnetic field is obtained by Fleming's 

left hand uie 

Dec i Deflection of Electron Beam by Magnetic Field : 
The electric and magnetic fields are firstly switched of. n 1897, J. J. Thomson succeeded in determining the e/m 

ne posiion
or he spot o on the screen tor the 

undeflected beam is noted. Ihe magnetic Tield is now 

applied in à direction perpendicular to the direction of 

motion of electrons. 

atio of electrons. 

Anode
-t 

1f B' is the intensity of the magnetic field, 'e' the charge 

of the electron, V the velocity of the electron, then BeV 

is the magnetic force acting on the electron. this torce

is directed perpendicular to the motion of the electrons

P 

Cathode S.S, 

and magnetic field. (Fleming's law). Under the effect of 
Pig. 3. 

(8.1) 
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a constant uniform magnetic force, the electrons take The value of 0Q is given on the discharge tube, r can 
up a circular path. therefore be calculated from relation (3.2).

Determination of v: Under the influence of crossed
electric and magnetic fields, the beam strikes the 
screen at the same spot O as that of the undeflected 
beam. In such a case, the force on the electron due to 

the electric freld (te) is balanced by the deflecting force
(Bev) due to the magnetic field.
Hence, Bev = Eee 

e B .. (3.3) 

Substituting values of v and r in (3.1), we have 

mB EDxO Beyond the region of influence of the magnetic field 
(dotted region), the electron beam emerges out in a 
straight line, tangential to the arc at the point ofusttuting values ot E, d, 5, ED and OQ e/m can be 

emergence as shown in Fig. 3.2. 

.(3.4)

calculated. Value of e/m of an electron is 1.7589 x 10 

coulomb/kg.
fris the radius of the circular path, then the 3. Results:
centripetal force acting on the electron beam is Value of e/m is found to be a constant, independent of 

where m is the mass of the electron and B the strength
of the magnetic fied. Under the intuence of the 

magnetic tield, the magnetic torce Supplies the 

centrnpetal torce.

he materal ot the catnoceana tne naturet the gas 
ne e S0, nature OparisnE canoe ry 

a respectve or their ongin and 

velocityacquired,
Comparing the value of e/m of the electron with that 

of e/m of the hydrogen ion, it is seen that the first is 
1840 times that of the latter. This implies that either
charge of electron is 1840 times charge of hydrogen 

Hence, Bev 

3.1) 

ion, mass being same or mass of electron is 1840 of 
Thus, if rand v are known then the specific charge ratio

fe/m) can be determined. mass of hydrogen ion, charge being the same. To 

Calculation of r: From A EDF, Z EDF = 90" -8 

As 0Q is tangent to FD, hence 2 ODD 90 
ensure this,es measured separately 

|3.3 DETERMINATION OF ELECTRONIC
CHARGE BY MILLIKAN'S OIL DROP 

LMATHOD
Thus from A ODD, 

LDOD 
The set up was developed by American scientist R. A 

From A POQtan 0 00 Mlkan in 191/ to measure charge of an electron. Ihe 

Hg. 3.3 shows the set-up of the instrument.t 

From A EDF, tan e r D r 

Py- 

Hence, from () and (i), we get ermna
H 

ED 
HW2 w P 

Lens 
or r d r 09 

.(3.2)

ED is the region of infiuence of the field. This is taken equal
to the length of the plate P or Q in Fig. 3.1. 

Hg. 3.3 nkan s menoa
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Set-up When the equilibrium is reached and the velocity of the 

A and 8 are plane metallic disc of about 20 cm in drop becomes unirorm the resultant force on the drop 

is zero, that is. diameter placed at a distance pr 1.b cm. Ine discs

are clamped by insulatung rods of glass or ebonite W T 

so that they remain perfectly parallel to each other.

The discs are placed in metallic chamber provided i.eTa (P-)9GRN8 Vi (3.8)

with three windows Wi, W and Wa A variabie In the second part of the experiment, an electric tield E 

voltage iS applied berween the plates A and B. Ihe is applied between the plates Now an additional 
upward electric force qE acts on the oil drop. Due to upper plate A is provided with a small hole 

through which small droplets of a heavy non 

violate oil can be introduced between two plates
which the terminal velocity reduces to Va. Therefore, the 

equation ot moton for drop becomes
hrough a spnng atomizer

. (3.9)The droplets come slowly which gets charged due 
o friction in the spray process. The space between

where, 'q 15 charge on oil drop.
two plates IS lluminated by high intensity ight 

From equation (3.8) and (3.9).beam. This iluminates the oil droplets which can 
be seen by a telescope which is connected to a 

Scalefor measurement

connected to a 

When illuminated the oil drops appear as brilliant 
spots on a dark background. 

qE Tna-vz)

E -Va 
Again from equation .0 

Procedure 

a 29 (p-o)
The experiment is performed in two stages. In first 

stage the experiment is performed in the absence of 
a 290- electric frield between the plates. When oil is dropped,

the ou drop moves down under the intuence of 
gravitational force. Due to air friction, soon electron will 

(6.11) 

Substituting value of a in equation (3.10),

reach terminal velocity. ie. its velocity will not increase
further. q 5a -V)3.12)gp-o) 
At this stage the net downward gravitational force The value of charge of an electron as worked out by 
equals the force offered by air resistance. If 'p is the 

density of oi g is acceleration due to gravity and'a
the radius of the oil drop then,

Millkan's is 1.59 x 10*G, which agrees with recent

experimental values.
3.4 MASS SPECTROGRAPH

Weight W G (3.5) Isotopes are elements naving the same atomic number 

but different atomic weights.
By Archimede's principle the upward thrust experience 

by oil drop due to displaced air is, For Example :H' and D UU and U 
1oNe and 10Ne 

15.0) AS the atomic number of isotopes is the same, they 

have the same electronic configuration and hence the 
where, 'a is density of air. same chemical properties. hey can theretore be 

Faspherical body of radius a falls under gravity in fluid 
having a coefficient of viscosity , then by Stroke's law 

separated by physical methods and not by chemical

methods.

the resistive torce due to medium To detect the presence of isotopes, to find an accurate
value of isotopic masses and their abundance, FW. fdnav .(5./)
Asto an tnglish Physicist devised a mass 

where, v, is the velocity of the drop.
Spectrogrpn. Tnis spectrograpn Drougnt bou 
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separation between the isotopeson the basis of their Insidethe selector, 
masses. This was followed by Dempster's which has 

Electric forae = Magnetic force
recenty been superseded by Bainbridge's magnetic

deflection mass spectrograph. 

3.5 BAINBRIDGE MASS SPECTROGRAPH

Eq B9v 
(q is the charge of the ion moving with a velocity v). 

v (3.13)[Dec. 17, May 19 
Bainbridge used a power electromagnet and a velocity A other lons bend away the straught path due to the 

unbalanced erfect of oneof the two oPposing tields.selector in his spectrograph and was able to obtain a 
The ions emerging from st S at the exit of the 

selector, are introduced into a unifom magnetik field 

of intensity B acting at right angles to the plane of the 

paper. 

high resoving power, precise symmetric images anda 
lhnear mas Scale which could not be obtained in 

Aston's or Dempster's spectrographs
Principle: Under the influence of this field they travel along

circular paths which are governed by the following 

relation. 
Whatever be the velocities of the ions in the processof 

ther generation, they are made perfectly 
homogeneous in velocity by the use of a specal device 

called the Vekocity Selector. They are then subjected 

Magnetic force= Centripetal force

.(3.14)
to an extensive, transverse magnetic fheld and are 

mis the mass of the ion wh0se circular path has a brought to focus on a photographic plate.

Beam of 
pos lve on 

radius r. 

From (3.13) and (3.14, we get 

E 
B'q 

elector 
mw- - 13.15)

As E B, 8 are constants q/m (specific charge ratio) is 

directy proportional to r or m r and the mass scale
s linear. Hence, after descrbing semi-circles, if the ions 

are made to tall on a photographc plate, they will 
stnke it at dierent ponts depending on the value of 
mass. Lugnter particies will trece small semi-circles while

heavier ones will trace larger semi-circles. Traces are 

0Dtainea on he photograpnic plate with the mass 

Scale being inear.

Photographcplate

Magnebc eB 

***X**

Flg. 3.4: Bainbridge spectrogrpa

APparatus Presence of isotopes is therefore detected by the 
productionof spots on the photographic pate. Mass 

numbers of the isotopes can be found by comparing 

the plate with a standard calibrated plate. Relative

abundance of the isotopes in a given beam of ions can 

be round by stuoying the relative intensity of the spots

on the photographic plate. 

The gven beam of ions is collimated by wo narrow

parallel sits Si and Sa is then passed through a 

velocity selector, which consists of a transverse electric 

field E which is produced by maintaining plates A and B 
at a suitable p.d. 

Simultaneously a magnetic field Bis applied
perpendicular to both E and the motion of the ions. Hence a Baihbridge mass spectrograph is used:

The magnetic feld is obtained by an electromagnet To detect the presence of isotopes in a given beam of 
positive ions,represented by the dotted drcle.

The velocity selector allows only those ions to pass etermine the mass number of the isotopes, 

undeviated which possess the same velocity v given o find out the relative abundance of the isotopes in 

by the following relation. the given beam of positive ions 



ENGINEIRING PHYSICS (EATU) aECTRON OPTcs, NUCLEAR PHYSICS 
SOLVED PROBLEMS R - 31S*1,80x 10 

L6x 10 (0.S5Problem 3.1: n o Bainbridge mass spectrometer, if the 

mognetic field in the velocity seiector i's 1 wb/ and ions 
having a velocity of 0.4 x 10 m/sec pass undeflected, find 

the electric field in the velocity selector. 

548.678 x 10 

0.0549 m 

R m 

Data: v 0.4x 10 m/sec, B = 1 wb/m 

Fomula: E V-8 

Solution: E 04x 10x1-4x10* V/m_ 
20 mao 

R Ra0 
Problem 3.2 : Singly ionised magnesium atoms enter a 

Bainbridge mass spectrogroph with a velocity of 3 x 1° 
m/sec. calcuiate the radú of the paths folowed by the three

most abunaant otopes masses 24, 25, 26 when the 

magnetic ftx density is 0.5 wb/m. 

Rz-R2o MRaR 

Data :v3 x 10° m/sec. B 0.5 wb/m,q 16x 10 -1 xo0549 0.0549
Formula: R 

Rn-Rao 000275 m 
Solution : Mass of single ionised atom of Mg Le. The separation on the photographic plate ls double that of 

the radii difterence. 

6.02 x 10 kg= 3.987 x 10 kg 
Linear separation of isotopes on the photographic 

platewa 987 X 10x3x10
4 B 05x16x 10 2x0.00275-0.0055 m 

14.95 x 10 = 0.1495m

3.6 1INTRODUCTION TO NUCLEARPHYSICS
Rutherford, from his experiment on scattering of 

a-partides, suggested that an atom consists ofa 

central nucleus surrounded by extra-nuclear electrons. 25 

125 
Ks ma The nucleus is positively charged and this charge is due 

e proons present in te nucieus. Ihe number ot 

protons in the nucleus of an atom gives the atomic 
number of the element to which the atom belongs.2 x01495-p157 

The nucleusaso contains neutrons, which are 
eiectically neutral he number ot neutrons n the 

nudeus is given by A-Z where, 'A' 5 the mass number

Similary, R x0.1495 p1619m 
Problem 3.3:A miture of neon isotopes (Ne and Ne) is 

analysed using o Bainbridge mass spectrometer Colculote 

the linear separation of sotopes when the field acting on the Nuclear size is about 10 m and the atomic size is 
velocity selector is 80 kv/meter and the magnetic flun 
density is 0.55 weber/m. 

of the element

about 10 "m 

An atom is electrically neutral, so the number of extra-

nudlear electrons in an atom is always equal to the 

number of protons in the nucleus.

Data : E = 80 kV/meter; B = 0.55 weber/m

Fomulae:V=g R Bg 
A nucleus ot an element is characterized by the mass 

number A and the atomc number of the element

Nuclei of mass number upto 25 are called light nuclei 
Solution: 

q8 

Nuclei of mass number between 25 and 85 are called 
M 6.025 x 10 intermediate nuclei and those of mass number above 

85 are called as heavy nuclei.3.3195 x 10 kg 
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the original atom ceases to exist giving birth to a new For elements of low mass number, the number of 

protons s nearny equa to the number ot neurons in one. This phenomenon of conversOn or one 
nto anotner known as dsintegration or 

transmutaton of elementsPo " nocieus s and number or 

neutrons is 12. 
When transmutation is provoked by artificial means, it 

s caled as articial transmutation. it seemed poSsible

that if atoms were bombarded with energetic particles, 

Hence the neutron-proton ratio (n : p) for sodium is 

nearly equal to unity. Such nuciel, for which n p rato 

is neary unity, are called stablenuclel Light nuclei are 
stable. But with increase of mass number, the number

of neutrons exceeds that of protons and n: p ratio
exceeds unity. Such nuclei, for which n: p ratio exceeds Apha partides from natural radio nucides were found
15, are called unstable nuclei.

one of the latter might penetrate into a nucleus and 

caUse transmutation.

Heavy nudie are unstable. eg tor su A 238, 

Z=92. Hece, n:p ratio is more than 1.5. So uranium
5 Unstable. t exhibits radioactivity and disintegrates till 

stable end products are formed.

to be effectve tor causing transmutation because of 

their relatively large energy and momentum. To reduce

the probability of scattering of bombarding alpha
partides and to increase the probability of 
disintegraton, lghier elemerts were used as targets.

Heny Becquerel discovered that uranium gave out The first artificial transmutation reaction observed by 
some type of radiations that could affect a 

photographic plate wrapped in a thick black paper. It 
was found that these radiations are highly penetrating.

they ionize gases and cause scintillations on 

Rutherford was, when nitrogen was bombarded with 
a-partides. This transmutation can be represented as, 

NHeL-o"+H 

Some of the artihcially transmuted elements were found to 
be radioactve 

nuorescent screen, 

The substances which emit theseradiations are sad to 
De rdolodcve. eg. urdnium, r8oum polonum, rooon 
etc he phenomenon ot spontaneous emission of 

radiation from a substance is called as Radioactivity. 

egA HelsP15P" 
15 is radioactive and it disintegrates as 

All naturaly occurning elements with atomic number

greater than &2 are found to be radioactive because
15 P ++u (neutrino) 

their ratio exceeds 15. 
positron) 

The nuclear mass Is the weignt or me nueus ana t Such reactions led to the discovery of artiticial radioactvity. equal to the sum of the masses ot the neutrons and 

protons present in the nucieus. 3.7 PARTICLEDETECTOR-GM. COUNTER
mass is very large, the nuclear density is enormousty 
high, about10" kg/m'.

As mass of electron is negligible, the whole mass of an 
atom can be taken to be cancentrated in its nucleus.

As the size of the nucleus is extremely small and its A radioactive material keeps on radiating particles like 
p and y. which cannot be sensed by humans directly. 

5ut ther presence affecis humans directly as well as 

ndirectly, so ther meesUrement becomes essential. 

For detecting and measuring intensity of these
radiations some indirect method must be employed. 

The ordinary chemical and physical properties of 
elements are to be attributed to peripheral electrons in When these radiations are passed through gases they 
their atoms. An atom can be singly ionized by 

removing one electron and it will then have one excess

positive charge.

have ability to ionise them. This property of the 

rediations can be employed to detect them. 

The commonly used radiation detectors are ionisation

chamber, proportion counter, Geiger-Muller (G.M)
counter, coud chamber etc. 

When all the electrons ot an atom are removed, the 

bare nucleus will be left behind witth ony the positve

cargendenne he atom s retans is A GM. counter uses a glass tube called GM. tube 

individuality and intrinsic nature.

When the nucleus itself is tampered with and its 
constituent particles are altered in kind and manner, 

along with dectrical circuits, needed to ampliy the 

Current and display it. The tube consists of a rugged 

metal case enclosed in the glass tube. 
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The hollow metal case acts as cathode. A fine metal 

wire passirng througn the centre or the tube acts as 

anode. Ihe tube is evacuated and then iled with Plateau
Counts 

mixture or Argon (9U3) at lu cnm pressure and etny 
alcohol vapour (10%) at l cm pressure. One end of the minutes hreshold

voltagetube is enclosed with a thin sheet of mica which serves 

as window for radiations.

A d.e potential difference of about 1200 V Is applied 1000 V 1200 V 500 V 

between metal case (cathode) and the wire (anode).

The voltage is adjusted below the break down voltage
Voltage

Fig. 3.6: Characteristics of G-M counter
of the gas. Fig. 3.5 shows schematic arrengement O Ethyl alcohol vapour is used to prevent undesiraoie 

G-M counter.
avalanching A G-M counter can count upto 500 

particles per second.Metal ubpe 

The main drawback of G-M counter is the Dead Time,
the time taken by the tube to recover between counts. BmpinierRadiation 

The Dead Time of G-M counter is about 200 4S. If the 
radiation density is high, the tube will not have time to 

windoww recover and hence some of the particies may not be 

counted.

The G-M counter can be used to count B and 
+radiations and a-particles with some modifications in Fig. 3.5: G-M counter

When a high energy particle enters the G-M tube it 
the tube.

incises one or more argon atoms. The electron will be 3.8 INTRODUCTION TO QUANTUM
attracted Dy anode wire whereas positive ions will De MECRANICS 
attracted by negative of the Supply. nese nvin9 The most outstanding development in modern sciencecharges further lonises the argon atoms. 

is the conception of quantum mechanics. The quantum
mechanics is better than Newtonian classical mechanics AS a result of this a current pulse will pass. Ihis current

in explaining the fundamental physics. There was big pulse through resistance R produces a volage puise ot 

the order of 10 v. An electronic pulse amplifier

amplifies this weak voltage pulse to a voltage value

development in physics between the time of Newton

and the time of quantum mechanics. 

between 5 to 50 V. Newton showed that the motion of planets and the 
free fall of an object on earth Is governed by the same 

law. Thus, he unified terrestrial and celestial mechanics. These amplified pulses are appled to a counter, As 

each incoming radiation produces a pulse of current This was in contrast to ancient belief that the world of 
the number of incoming radiations can be counted. the earth and heaven is governed by different laws.

The Fig. 6 shows a graph of counts per minute as a was earlierbelieved that the heat is some peculiar 

function of voltage for voltages less than 1000 v. There Substance called caloric, which tiowS from a not object

to a cold object. But latter it was proved that the heat i5 Is no discharge and hence will show zero count
Between 1O00 V to 1200 V the number of pulses are the random motion or vibration of constituents of 

matter. Thus, thermodynamics and mechanics were proportional to the voltage

unitied.Above 1200 V the number of counts reman constant
For a long time, the phenomena of electricity, 

for certain range of voltage. This is known as Plateau
magnetism and light were treated as independent 

Region. The plateau region is used for normal
branches and were unconnected. But in nineteenth 

operduon or u-M Counter.

century,Faradayand Maxwellalong with othersunitied

O 
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these independent branches ot physics.They proved The other main differenceis the quantized energy
that all three phenomena are manitestations Or state. In cassical physics, an oscilating body can 
eectromagnetie tiela. assume any possible energy. On the contrary. quantum

The simplest example is the electric field of an electrnc

charge that exerts a force an another charge when it 

mechanics says that it can have only discrete non-zero

energy 
comes In the range. An electtic current proOuces a 3.8.2 Need of Quantum Mechanics 
magnetic freld that exerts a torce on magnetic

materials. Classical mechanicS successtully explained the motions

of object which are observable directly or by 
*Such fields can travel through space, independent of 

instruments ike microscope. But when dassical 
charge and magnet, in the rorm or elecromagetic 

wave. The best example of electromagnetic wave is 
mechanics is applied to the particles of atomic levels, it 

tails to explain actual behaviour. Iheretore, the cassical
light. Finaly, Einstein unifed space, time and gravity in 
his theory of relativity mechanics cannot be applied to atomic leve, eg 

motion of an electron in an atom.
Quantum mechanics also unified two branches of 

Other phenomena which classical mechanics failed to 

Explain are black body radiation, photoelectric effect
Science: physics and chemsty

In previous developments in physics. fundamental 
emission oT X-rays, etc. concepts were not dterent frorm triose ot everyday 

experience, such as particle, position, speed, mass, ne dbove problems were solved by Max Planck in 

1900 by the introduction of the tormula Torce, energy and even Tield. Ihese concepts are 

referred as Classical. nh 

ne Wona o atoms cannor pe aesdriped an 
understood with these concepts. For atoms and 

where, n 0,1, 2, 

h Planck's constant=6.63 x 10% J/s 
molecules, the ideas and concepts used in dealing with 
objects in day to day life is not suficient. Thus, it nis 5 known as uantum Hypothesis and marked 

the beginning of modern physics. The wholeneeded new concepts to understand the properties of 

microscopic world obeys the above formula. atoms.

A group of scientists W. Heisenberg, E. Schrodinger.3.9 HEISENBERG'S UNCERTATNTY PRINCIPLE 

PA.M Dirag Pau, M. Borm and Neils on 
conceved and tormulated these new ldeas in the 
Deginning or 20 century. This new formulation, a ne or tne tàcit assumptions of classical physics, that 

branch of physics, was named as Quantum Mechanics. 

tMay 181 

the position of a mechanical system can be uniquely

determined without disturbing its motion, is valid only 

3.8.1Limitations of Classical Mechanics for the motion of a body of ordinary size, likea cricket
The classical physics is complete and beautiful in 

explaining dailly experiences where big bodies are 
ball 

But it one is considering the motion of an atomic 

particle, like an eletron, a certain uncertainty Is 

unavoidably introduced into the experimental
measurement of its position and mornentum.

involved. But it breaks down severely at subatomic 

evel and tailed to explain some ot the phenomenon 

totaly.

The phenomena which classical physics failed to This uncertainty is not due to the imperfection of the 
explain are black body radiation, photoelectric effect measuring nstruments but i5 something inherent in the 

nature of a moving body. emission of X-rays, etc 

The fact that a moving body must be regarded as a De 
In classical physics, a body which Is very small in 

Broglie wave group (packet) rather than as a localised Broglie wave g here is a fundamental limit to 
comparison witn other body is termed as Particle. entity the sug 
Whereas in quantum mechanics, the body which accuracy with which we can measure its particle
cannot be divided further is termed as Particle.

PrOperties.



ENGINEERING PHYSICS (BATU
A De Broglie wave group is shown in Fig. 3.7 (a). The To observe the electron we have to iluninate It with 
particie may De anywnere witnin the group. For a very 

vEgoup as in Fig3./ 10), the position oof 

the particle can be readily foun, but the waveleng th A 

(3.9) ELECTRON OPTICS,NUCLEARPHYSICS

gnt say of wavelength A, as in Fig. 3.8. In ths process,

photons of light strike the electron and bounce off it. 

Each photon possesses the momentum and when t 

and hence the momentum P 7 is impossible to 
collideswith the electron, original momentumpof the 

electron is chänged.establish 
or a wide wave group, as in Hg. 3./ (C the 

wavelength and hence momentum estimate is oi The precise change of the momentum of the electron 

cannot be predicted, but t is likely to be of the samne 
satisfactory, but then the location of the position of the 
particle becomes uncertaln. order of magnitude as the photon momentum - Thus, 

the electron cannot be observed without changing its 
momentum by an indeterminate amount 

The act of measurement of its position introduces an 
uncertainty in its momentum Ap and this uncertainty in 
the momentum is at least equal to the momentum of 
incident photon

3.17 
From equations (3.16) and (3.17),

Ax 4pAh (3.18)
Fig.3

Ine answerto this question was given by Heisenberg in t is clear from equation (3.18) that it the position of 

the electron is known exactly at any given instant, ie. i 
Ax = 0. then the momentum becomes indeterminate 

1927, when he put forth the uncertainty principle. 
Statement: 

Heisenberg's uncertainty principle states that, it is and viceversa, Thus, both the position and the 

impossible to determine acurately and simultaneousiy
the values oT both the members ot a pair or physical

variables which describe the moton o dn atom The product of uncertainty in postion measurement ax 

system. Such pairs of variables, like position x and 

momentum cannot be determined accurately and 

simultaneously. 

momentum p or energy E and time t are called
canonically conjugate variables, 

o a Dody at some instant ano ne uncertainy in ts 

momentum measurement ap at tne same instant is at 

best equal to the Planck's constanth (more correctily 
0 examine the uncertainty Principle, consider an 

electron o mass associatea wtn mater waves o 

wavelength This electron can be tound somewhere 
within this wave and therefore, the uncertainty in its 

41 

ie. x Ap 47 
position measurement ax is equal to its wavelength . 

This is Heisenberg's uncertainty principle 
ir3.9.1 Uncertainty Principle Applied to thee Pair of 

Variables 

.16) 

U U 
Energy and Time 

Rellected 
ncident 
pno 

Kinetic energy and time form another pair of 
canonically conjugate variables. Consider again the 
Problem of an electron of mass m moving with 
velocity v. We can wnte the K.E. of the electron as 

inal 
momenlum of electron 

Oniginal
momerMum of eloctron

Fig. 3.8:An electron cannot be observed without changing

ts momentum by an indeterminate amount mv . (3.19)
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The uncertainty in the energy measurement E can be All the electrons producing the difraction patterm on 

found by differentiating equation (3.19. assuming the screen have pased through the sit, but we cannot

mass to De constänt say definitely at what position of the slit So the 
uncertainty in position determination of electrons is 

AE 2 m-2vav 
equal to the width Ay of the lit, and from equation
(3.21, we have 

V Ap ay sin 3.22) 

AE p VAt Electrons are initially moving along positive x-axis. 
Hence AE-At Ax Ap 

But by Heisenberg' s uncertainty principle, 
heir momentum along *-axis is and they do not 

have any component of momentum along y-axis. 

Ax Ap2 4 But after diftraction at the sit, electrons are deviated 

rom their nial path o rorm tne dniraction patern,

and the y-component of their momentum may be AE At 2 4t 
between sin and-sin e (See Fig. 3.9). This means that the product of uncertainties in energy

and time measurements is of the order of Planck's
So the uncertainty in momentum measurement along

y-direction Is given Dy constant. 

3.9.21lustration of Uncertainty Principle (May 19 
(1) Diffraction at a Single Slit Apy sin6-sin@ 
Consider a narrow beam of electrons passing normaly

througn a single vertucal narrow sit of widtrh ay and 

producing9 
apy sin . (5.25) 

diffraction pattem on the Screen From equations (3.21) and (3.22), we have (See Fig. 3.9) 

ay Apy sin 'Sin 2h 

Slit Sreen

Le ay Apy2 h 

Thus, the product of uncertainties in position and 
ncident electron momentum measurements of the electron is of the 

* 1xaxis order of Planck's constant, which is HeisenbergJs 

uncertainty principle 
(2) Why an Electron cannot Exist In the Nucleus 

aus 

LMay 18 
If the electrons had to exist inside the nucleus then its 

De-Broglie wavelength should be roughly of the order 
of nucleus diameter i.e. 10 m. 

Therefore, the corresponding momentum will be 

p- 6.63 x 10 kg-m/sec

Hg s.9Dtractuon of electrons ata sungle sit 

We know that the positions of minima in the diftraction 

pattern due to a slit of width a formed by incident light
of wavelength A are given by 

PA 
a sin 6 n . (3.20)

E 2m 2x9.1x10

= 242 x 10*J .05 x 10) where is the angle of deviation of n order minimum
in the ditfraction pattern.

242 10 16x 10 ev 15095 MeV 

If the electron had to exist in the nucleus then its 
energy should be 15095 MeV. However, this is greater
than the maximum binding energy of the nucleu5.

So if the first order minimum in the diffraction pattern
due to a slit of width ay is formed for an angle 8, when 

electron waves of wavelength à are diffracted by it, we 

shall have 

Ay sin 1-2 (3.21) nus, he electron cannot exist insiae ne nucieus.
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Problem 3.4: in an experiment, the wavelength of a photon
is measured to on accuracy of one part per mittion, What s 
the uncertainty ar in a aimultaneous measurement of the 

6.6 x 10-34 Ax 103x2x 15x 10-3 
22x10-28m position of the photon having a wavelength of 6000 A° ? 

Data: A = 6000 A° = 6000 x 10-0m, h = 6.6 x 10-* J Gi) For the electron, 

6.6 x 10 Ox 
10-3x 9.1x 10 x 0.5 x10° 

1,45x 10-
Fomulae: ap A X Ap h 

microsrooi od leiny assoiated with a 

microscopiC DoGy IS very large and theretore, "t plays a 66x 10-3 Solution: ap6000x 10 Signiicant role in measurements. 
11x 10" kg-m/sec Problem 3.7: Assume that the uncertainty in the location of 

aparticle t equai to is De Brogtie wavelength. Show that 6.6 x 101 
x ap 11x10 x10-3 m the uncertounty in its velocty ts equal to its veiocty.

Data: x A Problem 3.5 : in order to locate the electron in an atom 
within a distance of 5 X 10 m using electromagneticFormula: ax ap 

waves, the wavelength must be of the same order Colcuate Solution: Ax m Av =h 
the energy dnd momentum of the phoron. What 5 the 
correspondirng uncertainty in tts momen tum 

A Ax =5x 10-12 m 

h 
Data:

Using A 
Formulae: p E = Apx ITIV 

* 

6.6X = 1.32x 10 kg-mse 
h m 

we ndve x mh Solution: 

Problem 3.8: An electron is confined to a box of fength I .0X10*x 3 x 108 
5x 10-12E A' Colculate the mirimum uncertainty in tts Velociy, given

3.96x 10-14 
moss of electron 9.1 x10-31 kg, h = 66 x10-34sec 

Data: Ax =1A° = 10 m, h 66 x 10* J-sec

msx kg 

Formula: Ax ápx = h 

6.6x 
Px 5x 104 

132 x 102 kq-m/sec
Solutlon: (Axmax (4p:)min=h 

(Axomax(Av)min h 
Problem 3.6:Compute the uncertainty in the location of a 
2 gram mass moving with a speed of 1.5 m/sec and the 
minimum uncertainty in the tocation of an electron moving
with a speed of 0.5 x 10 m/sec Given, Ap = 10p 

0X10-4 

10-10 (vmin mAx 91x10* x 0 

Data: Ve 0.5 x 10 m/sec, Ap 10p, m 2grams 
0.725x 10 m/sec

2x 10 kg 

This is comparable to the speed of the electron and is 
vfor the body = 1.5 m/sec 

therelore very large. 
Formula : Ax Ap h 

Problem 3.9: Calculate the minimum uncertointy tn the 
Solution: 

vetocity of an electron confined to a box of length 10 A 

Data:= 10 A 10x 10-10m 
)For the body, 

ap 10P 1l0mv) 

Ax Ap h 
Formula: Ax 4px h 
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Solution : (amax (4pximin =h When a mechanical wave passes through a medium,

the medium particles pertorm an s.H.M. gven by i.e. (Ax)max m[avxmin =h 

equation 
6.6 x 10-3" 

* m (Ax)max 9.1x 10x 10 ACcos a (3.24) 

where A is the anplitude of the oscillation and 

0.725 x 105 m/sec. 2m, where v is the frequency. 

Problem 3.10 : An electron has a speed of 600 m/sec wth This equation is applicable to all individual particles 

an accuracy of 0.005 % Calculate the uncertainty with which atected by tre wave. duppose the wave s 

we can locate the positon of the electron Pogesan9 wa vEOy E 
ongin or tne wave, then a particie at at a 

Data: V 600 m/sec
1istance x from P will receive the wave wV Sec later

av = 0.005 % ofv than P did. 
0.005100 X600 m/sec

Formula : Ax ap h 

Ap mav 

9.1x 10-3* 100 x600 0005 

- 0024 m Fig. 3.10 : Progressive wave moving with velocityv 

Hence, its displacement at time t and distance x from 
the origin will be |3.10PHYSICAL SIGNIFICANCE OF WAVE 

FUNCTION 

3.10.1 Concept of Wave Function
y = A cos a ( (3.45) 

A wave motion appears in almost all branches of The wave equation of such a wave is 
defined as a periodic

disturbance travelling with finite velocity through a 
physics. A wave motion

1y 

t? (3.26)
mediurn or space. 

The solution of equation (3.26) is given by 
The sinplest forn of vibration is Simple harmonic

motion .H.M) and a particle executing S.H.M. acts as Aeo t-/v) (3.27)
a source which radiates waves. In a string we can represent the wave disturbance by 

the transverse displacement of y. Similarly, for light The wave motion provides a way for energy and 

momentum to move trom one place to another waves the tield vectors E and 5 vary in space and time, 
for sound waves, pressure P varies in space and time. In WIthout material particies making that journey
the same way, tor matter waves, the wave function y 

The waves can be classified according to their broad 
varies in Space and tme. 

physical properties into mainly three categories 

EEEtromagnetic waves which need not require any 
e mecnanicS IS analogous to electric field E 

eEctromagnetic waves or to pressure P in the sound 

waves. However, y itself unlike E and P has no direct
medium to propagate. 

Matter waves which give the probability amplitude 

of finding a particie at a given position and time.

physical significance, but gives a measure of the 
probabillity of finding a particle at a particular position. 
Hence, it is called Probability Amplitude. Mechanical Waves: The mechanical waves are 

simplest one to understand because they are However, a prcbability is always real and positive, 

produced by some sort of mechanical vibrations whereas can be positive or negative. Therefore, yé is 
taken which is always postive. in general, y is complex, 

wnicn wE cdn see. 

T 



ELECTRON OPTICS, NUCLEAR PHYSICS
element dro the Probablity Dens1y 

ENGINELUNG PHYSICS (8ATU)
therefore, one takes lvP instead of , where w= y element dkdydz is dk dy dz. Then, the wave 

V. denoting the complex conyugate of y. in any 

case, W is always real and positve. Amplitude. 

F dv isa volume element located at a point, then the 
probability of finding the particle in the volume 

Since the particle is certainly to be found somewhere in 

space, we must have, 
JJ vt dx dy dz = 1 . (3.28) 

elementat time t is progportional to Vydv. By analogy
with ordinary mass density, the square of the wave 

function v is called the Probability Densiy e A function satisfying this relation is caled
Probability Per Unit Volume.

the triple integral extending over all possible values of 

Y, 2 

Normalised Wave Function and equation (3.28) is 
known as the Normalisation Condition. Thus, y has 
to be a normalisable funcuo 

3.10.2 Physlecal Significance of the Wave Functlon
to be a 

Besides being normalisable, y must also satisty the 
Schrodinger interpreted y in terms of charge denslty. If 
A is the amplitude of an electromagnetic wave, then 
the energy per unit volume, ie energy density is equal 

to A. Aso, the photon energy u is constant. so the 
number of photons per unit volume, ie. the photon 

Olowing conditions: 

Must be a single valued function, because y is 

related to the probability of finding the partide at 

a gven place and time, and the probability can 

have only one value at a given pOint and tie density Is equal to hu and it is proportional to the 

MUst be tinite, because the particle exists

somewhere in space, and so integral over all space 
amplitude square.

Similarly, if y is the amplitude of matter waves at any 
point in space, the partcie density at that point may be 

taken as proportional to lv so v is a measure of 

particle density and on muibpying this by the charge 

of the particle, we shall get the charge density. Thus, 

must be inite. 

und its derivatives must be 

contnuous everywhere in the region where y is 

definedF IS a measure of Charge Density 3.11 SCHRODINGER'S WAVE EQUATION
ACcording to Max Bon the value of at point ataSchrodinger started with De Brogliles ldea of matter
given time is related to the probability of finding the 
body descrbed by its wave function y at that point at 

that instant. A large vakue of lv means a strong 

possibility of the presence of the body, while a smal 
value of lv means a slight possibiliy of its presence. 
AS ong as IV I5 not actualy zero somewhere, there is 

a detinte chance, however simal, of detecting the body 
there. 

waves and developed it into a mathematical theory

known as Wave Mechanics. Schrodinger's wave 

equation is the mathematical representation of matter 
waves associated with a moving particle. There are two 

types of Schrodinger's wave equatons 

Schrodinger s time independent wave equation
2. Schrodinger's time dependent wave equation. 

3.11.1 Schrodinger's Time Independent Wave 
Dec. 17, 18, May 19 

out in space. this does not mean that the particle itself According to De Broglies theory, a particle of mass m 

moving with a velocity v has a wave system of some 

kind associated with it and its wavelength is given by 

Alithough the wave function y of a particle is spread Equation_ 

I also thus spread out. When an experiment is 

performed to detect a particle, an electron for instance
whole electron is either found at a certain place and 

time, or it is not There is nothing like 20 % of an 
electron. However, it is certainly possible that there is 

h 

AT The waves are producedonly when something 
oscillates. Though we do not know the quantity that 

20 % chance that the electron be tound at that piace vibrates to produce the matter weves, but we can 

indicate that quantity by y. and ume, and ts likeihood that iS specified by I or 

w. Deing the complex conjugate of y 
I or s taken as the probabiliy density, ie. the 

probability of Finding the particle in unit volume. So the 
probability of the partice being present in a volume 

The periodic changes in produce the wave system 

associated with the partcle, Just as the periodic
changes in the displacement y of a string produce a 

wave system along the string. 
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In quantum mechanics, corresponds to the 

displacement y of wave motion ina string. However, y 

unlike y, is not itself a measurable quantity and it may 

Substituting equation (3.35) in (3.36), we get 

(3.36) 
De complex.

Consider a system of stationary waves associated with 
a particle. Let (x, y, 2) be the coordinates of the particle 
and let y denote the wave displacement of matter

The total energy E of the particle is the sum of it's KE. 
1 

2 mv and potential energy v 

waves at time t. E mv+V 

By analogywith the wave equation

dy 
n2 

E = +V 

(3.37)
of a two-dimensional wave (in y plane), the wave 
equation for a three-dimensional wave with wave 

This gives P 2m (E-V)

Substituting equation (637) in 636), WE get 

y2 y = 0 velocity u can be written as .. (3.38) 

Equation (3.38) is called Schrodinger's time 
independenit wave equation

(3.29) Taking 2equation (3.38)becomes

where axayi* az is the Laplacian Operator. 
(5.39) 

The solution of equation (3.29) is 
3.11.2 Schrodinger's Time Dependent Wave 

v %y. z, Vo y. z)e ot 
where o (X y, 2) represents the ampiitude or tne wave Schrodinger's time independent wave equation is 

at the point considered. 

The position vector of a point whose Cartesian 

coordinates are (, y 2) 15 given by 

-. (3.30) 
Equation

y2 y+ (E V) v 0 .(3.40)

The time dependent wave equation is obtained by 
eliminatingE trom tne time independent equation. 

Consider a system of stationary waves associated with 

a particle. Let (% y. 2) be the coordinates of the particie

and let y denote the wave displacement of the matter

waves at time t If u be the wave velocity, then the 

xi +yi +zk 

i,j.k being unit vectors along the axes. So equation

(3.30) can be written as 

3.31)

Differentiating equation 331) twice with respect to equation tOr a three-dimensional wave moton can be 

written a: 
ime t, we get 

-i ao yo ()eoDt aFux * )= u2 y.. 3.41)

wherei)2 vo (r)el ot and 

is the Laplacian Operator.. 3.32) 
The solution of equation (3.41) 1 

From equations (5.29) and (3.32), e get 
y (% y. z, t) = Vo (x y. z) e1 ot = vo (eot... (3.42)

wnere Yo y. 2) 5 the amplitude of the wave at the 
.. 5.33)

Point considered. 

Differentiating equation (342) with respect to time t, But @=2Ty and u = VA 

Equation (3.33) becomes wE ger 

.34) i voretot= -ioy . (3.43) 

The De Broglie wavelength of the waves associated 
with the partice is given by 

Now, Ztv and E hu orv h 

. 8.35) h 
mV 
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Helsenberg's Uncertainty Principle: It is impossible 

to determine precisely and simultaneously the values of 
both the members of a pair of physical variables which

describe the motion of an atomic system. Such pairs of 

variables are called as canonically conjugate variables. 

Putting this value of ao in equation (3.43), we get 

13.94) 

Multiplying both sides of equation (3.44) by i 

vane AD 2h 
(Heisenberg's uncertainty principle for position and 

Ey i i 

From equations (3.40) and (3.45), we get 

y Vv0 

(3.45) 
dt nomentum) dt 

AE At 2 n 

(Heisenberg s uncertainty principle for energy and 

ime.)

Schrodinger's Wave Equation: It is the mathermatical 

representation of matter waves associated with a 

moving partide. They are of two types

0 Schrodinger's time independent wave equation: 

Brm vy E-V9y=0

schrodingers time dependent wave equaton 
h 

Mutiplying both sides of this equation by Bx mwe 
ger 

Bmvv- 

ormVv =i 

-.46)

h 
(3.47)

Hy 
Equation (347) s called Schrodingers time dependent Wave Function: The variable quantity characterizing 

De Broglie waves is denoted by vy and it is called the 
wave function of the particle. This wave function

wave equation. 

H Bv.v)-mvaking contains all the information about the partide.
as Hamiltonian Operator Probability Density: The quantity Ivtx. y. z. yP. called

stribu the probability density or probabil
function, determines the probability in unit volume of 

inding a particle at a given position at a given time.

h 

E 2x ih as Eigen Operator, 
equation (.47) becomes

3.48) The Probability of a particle being present in a volume

element dxdy dz is lv? dx dy dz 
SUMMARY

e/m of an electron can be measured by Thomson's 
Normalization condition 

The probablity of finding the particle in all space is 
method.

By using Millikan's method charge of an electron can JJJ Edx dy dz = 1. 

measured. 

Bainbridge Mass Spectrograph is a device used to ) 
Detect the presence of isotopes, ( Find an accurate

value of isotopic masses, () ind their abundance 
Atomic Nucleus occuples a very smal volume with a The Wave Function should satisfy the following 

diameter of 10 m. It consists of z protons and A-z 

neutrons. Proton and neutrons are collectively caled as 

This is the normalization condition. A wave functhon y 
satisfying this relation is called a normalzed wave 

function, 

conditions: 

t should be a normalized function. 
nucleons. 

Nuclear Force : Nucleons are held in the nucleus
through short range nuclear forces.

AMU: Masses of nucleons and nuclei are expressed 

in atomic mass units (amu) 

() It should be a well behaved function ie, single

valued, tinite and continuous 

IMPORTANT FORMULAE
/m by Thomson's Method:

amu 167 x 10kg 

Mass Defect of a nucleus is the difference between its 

theoretical mass and its actual mess. 

m ED x OG 
Millikan's Oil Drop Method: 

A GM counter can be used for detecting a ß andy 
radiations 

g 9nvi 
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Beinbridge Mass Spectrograph: The charge to mass 5. State Heisenberg's uncertainty principle and esplain

tusing the concept ot De-8roglie wave groups.

xplain homson's method tor measurement of em. 

7. How charge of an electron can be measured by 

rano is given by. 

Heisenbergs Uncertainty Principle. 
For position and momentum

Millikan's method.
8. Derive Schrodingers time dependent and time 

independent wave equation. ap 
For energy and ume, Expiain the physical significance of y, v 

0. State and explain the principle of uncertainty and 
lustrate it by an experiment on diffraction ata single 

at2 

+ 

Normalization condition JJJ vv dx dy dz = 1 1. State and explain Heisenberg's uncertainty principle. 
ustrate t Dy the experiment or location of a 

partide by microscope Schrodingers wave equation, 
Time independent 

REFERENC
Animation of single slit diffraction pattern:

http:/www.walter-fendt.de/phl4e/singleslit/htm 
An interactive animation of ditfraction patterm witn Time independent Dattem w 

Sm Vv 2 Hy=Ey ratir

http/www.physlcS.ug.edu.aupeople/mKintypeipnpR/la 
boratoriesindex.php?e=14. UNSOLVED PROBLEMS

1. Two beams of U and U are separated by a 180 More information about resolving power: 
magneric ocussing (as in a mass spectrograph. Find 

p0n ohe Deams at the focus, if their More information about X-ray diffraction: 

veocuesare eaual and ne Deam has a radiusor

1mina theld or 

http://www.astronomynotes.com/telescop/s6.htm 

http://www.eserc stonybrook.edu/Projectlava/Bragg/ 
UNIVERSITY QUESTIONS 

Ans. Beam separation 0.0255 m) 
The electric fheld berween the plates or a velociy
seecorn a5anbndge mass spectrograph is 
L0U kVm and the magnetic induction in both 
magnee ields s 0.6 wD/m. A stream of Singly 

nrged neons movesna ruiar patn or raaus

cm in the magnetic tield. Find the mass number of 

December 2017 
1. With neat diagram explain principle and working o 

Bainbridge Mass Spectrograph. 
2. Derive the time independent Schrodinger's wave 

equation. 

6] 

[6) 

Mey2 2018 
the neon Sotope. Ans. m2 tate Hesenberg's Uncertainty Principle and prove

that electron cannot exist in the nucleus.
3. he average tume that an atom retains excess

exciation energy Detore emitting t as 
eectromagheic radiation Is 10sec. Lalculate the 

imit of accuracy with which the excitation energy of DiScuss Ihomson's method of determination of em 
December 2013 

an electron
2. Derve time independant Schrodingers wave 

equation

the emitted radiation can be determined. 

Aans. 6.63 * 10*J 
(6] ERCISE

May 2019 Explain with a neat diagram the principle and 
working of a 5ainbridge Mass Spectrograph 

Explain use ot Bainbridge Mass spectrograph for 

detection of isotopes 
3. Gve Principle construction and working of GM 

counter

1 Explain with diagram principle and working of 
Bainbridge mass spectrograph, 

2. Show that electron does not exists inside the nucleus,
6] 

with the help of Heisenberg's uncertainty principle. 

3 
Derive Schrodingers time dependent wave equation

(6) 

4. Write a short note on Heisenberg's uncertainty 

princaple. 
. 



UNIT IV 

CRYSTAL STRUCTURE, X-RAYS AND ELECTRODYNAMICS 
4.1 INTRODUCTION TO CRYSTAL STRUCTURE 
LAND X-RAYS 
The atomic nature of matter has now been established 

Nature, however, is never perceived in the atomic form 

but manifests itself in either of the following forms 
0 Solid, 6) Liquid, (Gi) Gas, (v) Plasma The first three 

points in two dimensions (See Fig. 41) is called the 
Plane Lattice. 

In order to construct the bwo dimensional lattice, 

Choose any two convenlent axes OA and OB. The 

points ie at equal intervals say 'a along OA and 'b 

along 8. 

y 
we pasmo dSSumed at 

elevated temperaure 

Solid, liquid and gaseous states can be ditferentiated, 
5upenicaly. upon certan reatures exnibited by them.

or example, 5olds posess detinite shape. structure 
and volume, while liquids are devold of a definite 

. 

Fig. 4.1 

Sndpe but possess a definite volume. Gases possess n ertenoing his array ot points in three dimensions 

neither definite shape nor volume. we get a 5pace iattce. he points are arranged at equa 
intervals say 'C' in the third direction. 

t can aso be seen that the forms can be differentiated 
On the basIs of their interatomic distance. In the solid ne p0suon vector of any lattice point in twO 

state, distances are of the order of a few Angstroms 

and there is some kind of order, whereas in liquid state 

dimensional lattice by choosing any lattice point as 

origin s 
there is a transition to a less ordered state In gaseous

state, there is extreme disorder. 

Here n n are integral values representing the number 

of lattice points along OA and OB and a and b are 
When the atoms or molecules in a solid are arranged n 

a regular fashion then it is known as Crystalline, 

otherwise it is Amorphous. A crystal is a solid

composed of a periodic array of atoms. Actual
called the primitive vectors. T is a translation vector

matenals are composed or an 39gregate or singe connecting wo lattice points

crystals. Similarty T in three dimensions is expressed as 
The study of Solld State PhysiG aims at interpreting 

the macroscopic properties in terms of the microscopic T anb n c 
properties of the minute partcies o n 4.2.2 Unit Cell composed. The study of the geometric forms and 

Physical properties of crystalline solids using X-ray. The parallelopiped formed by using the translations
May 19 

electron neutron beams etc. constitute the science of 
a,b c as edges is called the Unit Cell of the crystallography. 

4.2 UNIT CELL 
space lattice or the Primitlve Cell. 

4.2.1 Space Lattice
A Space Lttice or a Lattice is defined as a regular
three dimensional periodicaly repetitive arrangenent
O poins in space, which 5 inhnite in extent
Consider an array of points in sUch a way that ne 
environment around any one point is ldentical with the 
environment about any other point. such an array o Fig. 42: Unit cell In space lattice 
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The angles between primitives (b, c) (G, a) and (a b) are 

denoted by a B. andy.

Given a lattice work several unit cells are possible. All 
primitive cells have equal volume which is the 

minimum possible volume among all unit cells.

Thus, a Lattice is defined as a parallel arrangement of 

points provided the environment about any pointis 

Fora cubic system, there exist three types of lattices:

1. There is one lattice point at each of the eight
cornesor n 
Primitve or Simple Cubic cell ) or the system.

2. There is one lattice point at each of the eight
comers and one lattice polnt at the centre of the 

ubic cell. This is a body Centred Cubic Cell (9D 

(bcc type).identical with the environment about any other point 
A Non-Primitive Unit cell contains additional lattice

points either on face or within the unit ce 

There are two distinct type of unit cells, Primitive and 

Non-Primitive.
The primitive unit cells contain only one lattice point

3. There is one lattice point at each of the eght 
comers and one lattice point at the centres of each 

of the six faces of the cubic cell. This s a Face 

Centred Cubik Cell (F) (fcc type) (See Fig. 44) 
while non-primitive unit cell contain additional points. The corresponding Bravais latices are displayed below in 

he additional lattice point may be in tace of the unit Fig. 44 

cell or within the unit cel 
he number of addiional lattice point per unit cell may 

be more than one 
The Fig. 43 show the primítive and non-primitive unit 

CubicP CUDC CubicF

Non-primibve 

Fia.4.3
4.3 CUBICSYSTEM1S
.The crystals are classified nto seven syten 

basis of the shapeof unit cel as gven in tne aDie.

etragona eDgon orthoshombic P 

a. Ne of heLaloo SybolMberal on of AS nd 

Orthorhombic C orthormombec orhorhombc 
Cubic Psncie cUbC 

7 

Tetragonal bec 

-120 a. 

onOcinmCP Monoclinic G 
b= 

T10,+0
Trigon

nrinic abc 

Trigonal and Hexagonal P gonal R 

Fg.44:Bravals space lattice types in three dimensions 
S NUMBER OF ATOMS PER UNIT CELL 

e implest and th 
The cubic system 5 the simpest ana tne commonest 
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As each lttce point is shared by eight cubes, we have 4.6co-ORDINATION NUMBER 

8 of a point (of an atom situated at the lattice point) The co-ordination number is defined as the number of 

nearest neighbours to a given atom in a crystal lattice.contributing to the cell, The 8 such cormers contribute 
8 x1/8 = 1. On repeating the lattice points by identical1 Simple Cubic Lattice

atoms, this structure therefore has One Atom per Unrt This crystal has one atom at each of the eight corners

ell. of the cube. 1aking the atom at one cormer as the 

ongin ana tne T, L Axes along tne thfee edge 
passing through that corner, the positions of nearest

neighbours are ai, t j, t ak. i j k being unit 
vectors along X Y and Z axes. 

The atoms nearest to the origin having co-ordinates

Fig. 4.5: Simple cubic primltive cell (ta 0,0), (0 t a, 0. (0, 0, t a) are six in number. Hence 

2. Body Centred Cubic (BCC) Lattice:

As shown in hg 46 there are eight atoms at the 

co-ordination number of a simple cubic lattice is 6. The 
distance between two neighbours IS 8, 

comers and one at tne Dooy CEne. 2 BCC Lattice:

he central atom is totaly shared by the unit cel and In this latice there is one atom at each corner of the 

the contribution due to the 8 corner dtoms 8eacn 
cube and one atom at the body centre. Taking the 

central atom as the origin, the positions of nearest
gving atom in total. Hence, there are Total 2 Atoms
per Unit Cell for this structure. Alkali metals like Li, Na, neighbours are ei.:21.*8 
K occur naturaly in this form. See Fig. 46. 

The nearest neighbours are elght in number, Hence co- 

ordination number of BCc lattice is 8. The distance

between the two nearest neighboursis

y-7-G-
Fig 4.6:BCC unit cell 

(haf the diagonal of the cube)
3. Face Centred Cuble Lattice (FCC):

3. FCC Lattice:

In this lattice, there is one atom at each of the eight

corners of the cube and one atom at the centre of each 

of the six faces of the cube. Taking any one of the 

lattice ponts as the onigin, the positions of the nearest

neighbours are+2t.:i).{=21.a). g.4.7iRCC unit cel 
Each unit cell consists of eight corner atoms each being

member of eight cells. In addition to this there are 
atoms situated at the centres or ne sx 1aces or me The atoms nearest to the origin are 12 in number

ube. Each face is shared by two adjoining cubes. 
Hence co-ordination number of FCC lattice is 12. 

Hence there are 2 4 Atoms per Unit Cel for The distance between two nearest neighbours (of the 

this lattice.
same kind of ions) is 

Noble metals like gold, silver and copper occur in this 

group.



16 ne aistance berween e centres or wo nearest 

nesghbouning atoms 5 called as Nearest Neighbour 
Distance. It is denoted by 'a'. 

(i) Body Centered Cubic Cell (BCC): 

n a body centered cubical unit cell, one of the atoms is 

present inside the unit cell, so it can be shown in Fig. 4.11. 
t should be noted that the line BC passes through the 

Fig 4.8: Nearest neighbour distance 

Ifr is considered to be radius of atom, thern a ar e. eatom that is present at the centre of the unit cell.nearest negnbour distance is twice of the radius of atoms

Let us cakculate the radi of different Bravais lattices of a 
cubical crystal.

0 Simple Cube Cell: 

A Simple cube cell in bwo-dimensional space can be 
epresented as -

Fig.4.11: Redius of body centered cubical unit cel 
Consider right angled A ABF, 2 ABF - 90 

AF AB BF 

Fig 49:Radlus of simple cube unit cell 
AF a2 .. (4.1) 

a 

Consider right angled A DAF, Z DAF 90 
DF AD+ A 

Substituting equation (4.1) in (4.2). 
.(44) 

Hence for a simple or primitive cube unit cell the radius of 
(4 a(y2 
16 . 2a 

163a 

the atom is half of the distance between centres of the two nearest neighbou ring atoms.
(0) Face Centered Cubik Cell (FCC):

4.8 PACIING DENSITY
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Side of the unit cell 'a' = 2r 

Volume of the unit cell =a 

Packing dersitya 2n6 

Fg. 414:FCCIattice
|4.9 RELATiON BETWEEN LATTICE CONSTANT

LAND DENSIY 
Consider a cubik lattice of lattice constant'a. 

rp is the density of the crystal then,

Mass in each unit cell= ap 

where a= volume of unit cell 

M s the molecular weight, N the Avogadro number

(the number of molecules per kg. mole of the 

IMay 18 
g412: Simple cubic lattice 

2. Body Centred Cube : (4.3)
Number of atoms

per unt ce 
2 

Volume of two atoms = 2 xg u substance) then mass of each molecule N 
Side of the unit cell a fn is the number of molecules (lattice points) per unit 

cel, t nen 

Volume of the unit cell a 
Mass in each unit cell (4.4)

. Packing density= 2 * From (4.3) and (4.4,ap = N 

or (4.5) 

From this relation, the lattice constant a can be 

calculated. 

14.10LATIICE PLANES AND MILLER INDICES
A crystal lattice can be considered as an aggregate of a 

set of parale! equidistant planes passing thrOugn the 

attice points, which are known as Lattice Planes.
Fig. 4.13: BCC lattice 

For a particular lattice, these planes may be chosen in 

different ways as shown, for example, in Fig.415. The 

problem is that how to designate these planes in 
crystal Miller developed a method to designate a set of 

parallel planes in a crystal by three numbers ( & 

3. Face Centred Cube:

Number of atoms 4 
per unitc 

Volumeof 4 atoms= 4 x nr known as Miller Indices.

Side of the unit cell 'a' 

Volume of the unit cell =a 

4x Tr 
Packingfraction=4r V2 

() 

V2/ Fig.4.15
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Miller indices (h k0. Consider the plane passingThe steps in detemination of Miller indices is given

below
Consider that the intercepts by the given lattce r e plane Bassng

plane on the three crystal axes X Y and L are m e 

ratio pa : qb: re where a b, care the primitves or 
lattice constants along Y, L axes. p. q, may De 
etner smal integers or Simple fractions. 

throughthe ongin as the reference plane 

nougn tne ongin ue engn or wncn represents ne 

eena spang a LetpnYe une anghes

oeween coorOindte aes A Y, L and ON respectively. 

(See ig *. 

Take the reciprocals of p. q, rie 
Determine the smalest possible integers h k 

Such nat 

4.17 

The intercepts of the plane on the three axes are 

h O8 E and OC- (4.6)

where'a' is the cube edge 
416 

From Fig. 4.18 (a), we havee
h:k:l

cos a A 
where h . K 
and Lis the LCM. of p. q, r cos y 0B and cos OC (4.7) 

The numbers h. kl are called the Miller Indices offa From Fig. 4.18 (6). 
given set of planes and the plane is specified by (h k 0. 

To llustrate the Concept of Miler Indices Lerd 9iven
ON + 1 

d- (cos a)d' (cos p)d (cos n] plane cut intercepts on the axes ab, cas 3a, 6b 

ie. cos a+cos" +cos Y=1 - (4.8)and &c. 

Then Substrtuting the values of cos a co B and cos Y from 
equation (4.7) in equation (4.8), we get 

P 

6 

Hence
1. 

LCM 24 

h 8, k- 4,t -3ie 
hus this plane will be represented by the Mller Indice

8, 4,3 
4.11INTERPLANNER SPACING FOR CUBIC Or 

SYSTTEM
.The spacing between lattice planes or Cystais n w the edge of the cube a'. 

the edges of the unt cell are pepenocua For general lattice structures, 

(as a = b = c for a cube)

- (4.9)

This gives the relation between interplanar spacing a and 

found as follows: 

Consider the case of plane ABC of a cubic crystal as 
shown in g 4.17. Let OA O8 and OC be orthogonal 

axes. Consider any set of parallelplanes definedby the 
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Multiplying by the LCM 105 

, 105 

Then h 35; 

k = 21; L= 15 

Miller indices are 35, 21, 15 
Problem 4.4 : Colculate the interplanar spacing for (3, 2, 1) 

Fig. 4.18 
SOLVED PROBLEMS 

plane in a stmpte cubic lattice where latice constant

42 *IU m. 

h k 6, 2, 1, a- 42x 10 m ata : 
Problem 4.1: Calculate the lattice constant for potassium 
brormide, gVen density of potassium bromide t5 2700 kg/ 
and belongs to FCC tattice. Molecular weight of patassiumomua hu y + 

bromide is 119 and Avogadro number is 6.02 x 10 kg 

mol 4.2X - x 10 Solutlon: dha x 10 +4* 
Data: n = 4, M = 119, 

11225 x10m N 6.02 x 10 p 2/00 

nM3 Problem 4.5: A FCC crystat has an atonic radius of 
a -Np Formula : L.246 A: Whot are daw dzso and d spacings? 

Solution : For FCC crystal the interatomic distance
Solution 6.02 x 10x 2700)

(2928 x 10 

5.64 x 10 m y2r 

Problem 4.2: NoCl crystal has a lattice constant of 5.643
A: Given molecular weight of NacCt is 58.45 and Avogadro
number is 6 *10 per kg mote. Find its density.

Data : n 4, a = 5.643 A", M = 58.45, N = 6 x 10 kg 

Given: Atomic radius r= 1246 A 

a 2y2 x 1246 

a 3.524 A* 

mol 

For a crystal. O +f 
Formula: P 

d200 - Na Solution: V+0+0 

6x T 8.45 
6x 10 x (5.643 x 10 

d200 762 A" 

3.524 
d220 A+4+00 2168.51 Kq/m 

1245 A 

Problem 4.3: Find the Miller indices of a plane making 

intercepts 30, 5b, 7c on obtique axes a b, i1 V1+1+11 
Solution: 2.034 A 

Taking reciprocals of the intercepts, 
Problem 4.5 : Find out the number of atoms per squae

milimeter on a plane (100) of ead whose tnteratomtc 

distance is 3.499A: Lead hos joce-centred cubc structure 
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Probtem 4.8: Sketch (112) ptane in simple cubic cetl 
Solution: A plane whose Miller indices are (112) has the 
following intercepts on the three axes.

Solution: 

1'1 1:2 
This plane is shown in Fig. 4.20. 

Fig. 4.19 

For Fig. 4.19 represents (100) plane. The shaded portion

shows the portion of the atom.

For FCC structure, 

FIg.4 4.20 

Here, 
22y2 

Interato mic distance = 3.499
and OA = 

3.499 

Problem 4.9: Sketch (10), (010, (001), (200), (100) and 

(112) planes in simple cubic cett 
Solutlon: (0 A plane whose Miller indices are (100) has 

Now, a y2 (3.499)= 4.95 A 

area or plane 

where, a is side of given plane intercepts 0 0 
(495x 10 T mm 

Number of atoms in the plane =2 

Atoms/mm (4.95x 10 

32x 10" atoms/mm
Problem 4.7: Calculate the number of atoms per unit cell of 

metal having a tattice parameter of 29 A* and density

7.87 gram/cc. Atomic weight of the metal is 55.85 and 

Avogadro constant is 6.023 x10". 

Fig. 4.21 

00 A plane whose Miler indices are (l01) has intercepts 

nM Solution: Density of crystal p = 

a NA 
1.e 

Given: a = 29 A = 2.9x 10cm, M 5.85,

Na = 5.023 x10.p7.87 gm/cc. 

n 

7.87 x (29x 10x 6.023x 10 
S5.85

n 2 atom 

Hence, unit cell may be body centred cubic.
Fig.44.22 
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(G)A plane whose Miller indices are (110) has intercepts (iv) A plane whose Miller indices are (2,0, 0) has intercepts 

1,1, 

Ag. 4.23 Fig. 4.26 

(v) A plane whose Miller ind ices are (010) has intercepts (vi) A plane whose Miller indices are (1.0.0) has intercepts 

1 
Le. , e , 

4.27 
4.12 X-RAY DIFFRACTION 

Flg.4.24
Because of the short wavelength of X rays ( 10 m. 

ne ordinary ruied grating with approximately 6 X l0 

unes per meter, Used with ordinary ight, cannot

produce any appreciable diffraction 

() A plane whose Miller indices are (001) has intercepts 

-01 
But a cystal in which, the atoms aranged in a regular

pattem correspond to the grating lines and the atomic 

spaaing (ot the order of the X-ray wavelength), fomm 

the grating element exhibits diffraction. The crystal

Ofers from an optcal grating in that the tormer is a 

Three Dimensional Space Grating while the latter i5 a 

two dimensional plane 9rating.

According to Laue if a narrow pencil of X-rays was 

made to pass through a thin crystal, a diffraction 
pattern can be obtained. This symmetrical partern or 

Spos s knOwn as L>ue partem and t proves that 

K-rays are electromagnebc waves. Hg. 4.25 



diffraction pattern ohtained ha EF+FG n (4.10) 
monochromatic X-a M eam oo 

monochromatic X-rays was made to pas hrougn
From ig 428, 

Cystal. 
EF - FG dsin 

Substituting (4.11) in (4.10. 

(4.11) 
The atoms in a cystal are arTanged in a regular three 

dimensional manner in such a way that there are sets 

of parallel layers rich in atoms in diferent planes, each 

plane having its own spacing between layers, some 

planes richer in atoms than others.

2d sin 
This relation is knownas Brags's Law. It indicates that,

for given values of n, A and d there is reflection only in When a beam of X-rays falls on the crystal, each atom 
acts as a scattening cerntre and emits secondary 
wavelets whose ervelope gives iSe to the reflected Destructive interference occurs in other directions. 
wavefront (by Huygen's theory. Hence sraed By making n equal to 1, 2,3 etc. successively. a series of 

a paricular direction defined by 8. 

rays can be looked upon as Bragg reflections from by making n equa to L, 2, 3 ete. successively, a series of 

planes called the Bragg Planes values are obtained tore tor which sharp refections 

occUr. At certain glancing angles, retlections from these set of 

parale pane are pnase to 9ve maximum These are called as first order (n = 1) second order

intensity). At other angles, reflections from different 

planes are out of phase (to give minimum or zero 

ntensity). 

n = 2), etc. maximum. As the order of the spectrum

increases, he intensity decreases 

4.13.1 Bragg's Law . 184.15.2Brogg's X-RaySpectrometer 
Consider a crystal consisting of a set of parallel planes tconsists of three parts: () a sOurce of X-rays suitably

separated by a distance a. collimated. (2a circular table graduated and proviced 

with a vemier to hold the crystal and (3) a deflecting Let a narrow monochromatic beam of X-rays of 
wavelength A be incidemt on this plane at a glancing
angle 6. 

Oevice.

K-rays trom an X-ray tube are collimated into a tine 

Consider two parallel rays ABC and DFH which are 

refected by two atoms B and F in adjacent layers, F 

Deing vertcaly Delow B8. 

beam by wo narrow sirts S and Sz 
The beam is made to be incident at a glancing angle

on the face of a crystal C (of calcite, rock salt, mica Ray DFH has a longer path than ray ABC and the path 
difference between them is given by (EF + FG) where E 

and G are the feet of the perpendiculars drawn from B 
on DF and DH respectvely. 

NacI etc., whch is mounted on a circular tabie . This 

table can rotate about a vertical axis and its position

can be read by the graduated scale and vemier V. 

This path difference will decide whether the two Rotating about the same axis is an arm R carrying an 
reflected rays will be in phase or out of phase. 

ionization dhamber L provided witha vermier to fix its 
Vhen When the path díference is equal to nA (0-an intege.
the retlected rays will reinforce each other to produce 

posibion. 

The intensity of the X-ray beam 6e. degree of an intense Deam.

ionisation in the chamber) that enters the chamber is 

measured by an electrometer E 
Layer 1 

T 
Layer 2-t 

Relection of X-rays froma 

yP 
la A 28 
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The turn table T and am R are so linked that when the| Problem 4.11: Xrays of wavelength 16 A ore difrocted by 

,and hence the cysta, rotates through an angle 6, Brogg crystal spectrometer ot an angle 142°inthe frst 
the R and hence the 1onization charmber uns order What is the spacing of atomc tayers un the ciystat r 

through 28 
Data: A-16 A" = 16x 10 m,= 142, n = 1 

Therefore, whatever be the inidentangle of the beam at he crystal surface, it is always reflected into L If the ouna 4a Sing= nA 

retlected beam is to be recorded on a photographic 
ie. d 2 sin 8 frilm, I can be replaced by a camera 

The ionization current is measured 1or drerent vaue Solution: 
of 6 and a plot is obtained. 

10 
1 x16 x 2x sin 14.5 

16x 10 x0.2454 526 A 

Problem 4.12: Colculate the longest wavelength that can 

be anaysed by a cystal with an interplanar spacing of 3 A 
in first rder. 

Incldent angle Incident angle 8 Data: d = 3A,n=L,sin 8 =1 (maximum) 

Fig. 4.30 Formula: A= sin 9 

From the graph, the glancing angles 6 2 for first olution: 2 x 3A* 
second and third order retecions are measured. 

6 A Knowing the values of d and n, wavelength à of X-rays

can be calculated using Bragg'sequation e.| Probtem 413: The unit cell dimension 'a' of NoCi tattice is 
2d sin 6 = nA S.63 A fan X-ray beam of 2 = 11 A" fotls on a family of 

Fig. 4.30 (a) is the spectrum when the xray Deam s planes with a seporation of how many orders or 

monochromatic while Ig. 4.30 (6) represents the case 

when the X-ray beam consists of two wavelengths difraction are obsenvoble ? 

and Az 

s spectrometer can be used to find LA, a = 5.63 A', d 

2d sin the wavelength of X-rays. Conversely d can be 
Computed * of X-rays is known from some other omuia 

experi

n 

A 

Solution: For maximum observable orders, 8 = 90 

Problem 4.10: Using Brogg's X-ray spectrometer, the 
n glancing angle for first order spectrum was observed to be 

COIcUlate the wavelength of X-rays if d= 2.82 x10 m 
VS 

4.5855Data 8, 

d 2.82x10 m, n =1 Four orderSof difraction are observable 

Problem 4.14: When a nickel torget is used in a X-roy tube 
the two shortest wavelengths emitted are found with o 

Brogg's cystol spectrogroph to be difracted at an angle of 

15.1 and 17.1° respectively Find their wavelength assuming
crystal spocing of 2.81 A 

Fomula 2d sin 4 = nA 

Solution: -sin B 
2x 2.82 x 10 sin 8 

Data: d 2.81A 6 = 15.1, 6 17.1 n1 2x 2.82 x 10 x0.1392m 

- p.7857 A in Formula: A 
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20 Sn»2 x 181 x sin 151" Other electrons are stopped by the target and their 

energy is directily converted into X-rays. There is 
Solution: 

1.464 A continuous loss in kinetic energY of incident

electrons and X-rays are emitted continuously. So 

-2x181x sin 17.1 they are called Continuous X-RaysA2 n 

The basic requirements of Xray production are 

0A sOurce of electrons (i) Effective means of 

accelerating electrons and (i) A target of suitable

L.652 A 
4.13.3 CrystalStructure using X-Rays Diffraction 
Atoms of different elements in a crystal have definite

orderly arangement in the space. When X-rays are There are two types of X-ray tubes. () The gas filled or 

incident on the crystal, they are scattered by each atom 
of the crystal. Definite arangement of atoms represent 

material ot high atomic number

Roentgen X-ray tube and () The coolidge hot cathode

X-ray t 

sets of parallel planes which are nch in these atoms. In Coolidge X-ray tube, it is possible to achieve
separate control ot the intensity and quality of XraysCombined efectof scattering of X-rays by these sets of 

planes can be considered as refilection of X-rays by independent of each other. So we describe it here.
these planes

4.14.1 Coolidge Hot-Cathode X-Ray Tube 
The scattering caused by the atoms is called Bragg's

Scatterñing or Bragg's Reflection. The planes which
cause these reflections are called Bragg's Planes. 

ectrons
Due to the presence of sets of parallel planes rich in 

certain types of atoms, the crystal acts like difraction 
oong 

grating tor X-rays.

H Tube 
X-ray reflections from these sets of parallel planes are 

in phase with each other for certain glancing angle
Hence, different reffected X-rays combine together to 

Fig. 4.31:Coolidge tube 

9ive a very strong effect As a result the ionisation nis Ttuoe s widely used for commercial and medical

cuTent produced by these is very large. f the angles of 

nciaence are otne man ne dbove angie, ray 

reflections are antiphase with each other. So the A tungsten tilamentary cathode F Is heated by a low 

purposes. The essential elements ot a modern coolidge

K-ray tube are shown in hg 4.31 

resultant retiection is zero or extremely weak voltage battery and electrons are produced 

thermionicaly. These electrons are tocused on the 4.14 LINE AND CONTINUOUS SPECTRUM OF 

X-RAYY

The X-rays are produced when high velocity electrons 
strike the target material of high atomic number, such 
as tungsten or molybdenum. About 99 % of electrons 
striking soid matter targets are wasted in neaung ne This high d.c. voltage is obtained trom a step uP 

target and increasing the kinetic energy of the particles 

target T bya cylindrical shield S which surrounds F. The 
shield S iS maintained at a negative potential. Ihe 

electrons are accelerated to very high speeds by the 
d.c. voltage of 5o kv to 100 kV applied between the 
cathode the F and the anode. 

hit. The remaining 1 % collisions produce two types of 

X-rays. the characteristic X-rays and continuous X-rays,

transformer whose output is converted into d.c. voltage
by a full wave rectifier, 

The target T consists of a copper block in which a piece 
by loosing their energy in the following wO ways. 

of tungsten or molybdenum is fitted. The face of the 
1. Some of the incident electrons transfer their copper anode is sloped at 45 to the electron beam. 

energy to the target atoms. The target atoms retain 
The copper block conducts heat efficienty to the 

this energy temporarily as excitation energy and 
external cooling fins. The anode should be of a metal 

then emit it shortly as X-rays which are 
characteristic of the target material. So they are 

oT high melting point SO that, it will not melt under the 

bombardment ot electrons.
called Characteristic K-Rays. 
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To produce hard X-rays and for their abundant yield, X-fay 

the anode should be of a metal of high atomic number 

when the accelerated electrons strike the target and 
are stopped by it, they 9ive up their kinetic energy and 
thereby produce X-ray

ne intensty ot X-rays depends on the numder or 

elecirons striking the target. This number depends on 

the temperature of the filament and so on thee filament
Fig. 4.32 

curTent 5o by controlling the tilament current by a When the electron is completely stopped, ie when 
rheostat R the thermionic emission and hence intensity 

rays or maximum irequency are emiteo. In 

that case, of X-rays can De conronea. 

The quality of X-rays Is measured in terms of ther 

penetrating power. It depends on the p.d. between the hmax mv (4.12)
cathode and the anode 

kinetic energy Is imparted to the electron by 
Greater the accelerating voltage. higheris the speed of 

the striking electrons and consequently, more 
penetrating are the X-rays produced. 

accelerating it througha p.d. of V volts, then 

ev mv .(4.13)
High penetrating X-rays are called hard X-rays and low 

penetrating9 X-rays are called soft X-rays. Thus the 
quality of X-rays in Coolidge tube can be controlled by 
varying the p.d. between the cathode and the anode. 

From equations (4.12) and (4.13) 

nmax ev 

4.14.2 Continuous X-Rays Dec. 17, May 19 
When fast moving electrons are obstructed by solid

metal targets, X-rays are produced. Some of the high 
velocity electrons penetrate deep into the interior of 
the atoms of the target material and are attracted by 

Le n ev (:Amin Uma C 

Amin (4.14)

where c is the velocity of light

their positvely charged nuclel. As an electron passes Equation (4.14) gives the short-wavelength limit of the 

se 
to ne nucleus, it is deflected from its path as 

snown in g. 4,32.

continuous X-ray spectrum. 

Substituting for the constants 
The electron experiences deceleration during its 
deflection in the strong field of the nucleus. The energy
lost during its retardation is given out in the fom ofx 
rays of continuously varying wavelength. 

c 3x10 m/s, e 16 x 10" C, h 663 x 10 

we ge 

.65 10x3x10 
1 1.6* 10 

These X-rays produce a continuous spectrum having a 
snarpily denined snort wavelengtn imit Anin (0r nign 

requency limit Vma which corresponds to the 

maximum energy of the incident electron. 

Tmin V metres 

124 10m 
As shown in Fig. 4.32, if the striking electron of mass m 

min A . (4.15)has its velocity reduced from v to V due to derilection 

or due to collision, then loss of its energy is 

mv- mv and this must be equal to the 
Such radiations are called Braking Radiations, because

they are due to braking or siowing down of high 

energy hu of the emitted X-ray photon, velocity electrons in the positive field of a nucleus.

These X-rays consist of a series of uninterrupted
hu 2 m (-v wavelengths having a sharply defined short wavelength 

limits Amnin and they form the continuous spectrum. 
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They are determined by the p.d. between the cathode

and the anode of the X-ray tube and are independent 

of the nature of the target material. 

t, however, the K-shell vacancy is flled up by an 

electron jumping from the M-shell, the emitted X-ray

would be still more energetic and would possess sill 

4.14.3 Charecteristic of X-Rays
higher frequency because (Ex-E) > (E - D Such 

X-rays arising from millions of atoms produce the 
When fast moving electrons are suddeniy stopped by 

Klines of the charecteristic spectrum as shown m 
olid metal targets, X-rays are produced. Some of the 

high velociyelectrons knock out the tghty bound 

electrons in the innermost shells (ike K, L M. etc 

Fig. 4.34 (a) Usually, Ka and Kg lines of this series are 

detected although there are many more.

shels) of the atoms, whle penetrating the intenor of 

the atoms of the target material. 
Simillarly, when the incident electron has somewhat

lesser energy. t dislodges an L-shell electron. This 

When electrons from outer orbits jump to fill up the 
Vacancy so produced, the energy diterence 1s gven 

L-shell vacancy is filled up by an electron jumping from 

M-shell to other outer shells, and X-rays of frequency 
oUr in the orm or X-fays of dehnite wavelength. lower than that of K-series are produced. Ths gves the 

Ll and Ly lines of the L-series of the characteristic 

spectrum, as shown in Fig, 4.34 @) and (b). 
These wavelengths torm the line spectrum which is 

characteristic of the material of the target. So its 

called Characteristic X-Ray spectrum. Spectral ines of M-series are produced when Incident

electron knocks out an M-shel electron and this M- 

shell vacancy ls filed up by electrons jumping from 

Outer shells. The characteristic X-ray lines are shown n 

energy level diagran in Fig. 434 (a) and (b 
These K-series, L-series and M-series constitute the line 

spectra of the X-rays, which are characteristic of the 
material of the target used in the X-ray tube. 

Fig.4.35
So, the X-rays produced by an X-ray tube consist of 

Fig. 4.3 () shows the case when the high velocity 

ncidet electrons knock out one electron trom the 
sne or the atom. AS Snown n hig. 4.33 D), this 

K-shel vacancy 5 iled up by an eectron from a 

wo parts

1. One part consists of a series of unintemupted 

wavelengths having a short aut of Zma This 
OOy L-ne, 

constitutes tne continuous spectrum. 

Dunng this Jump an X-ray photon o trequency , Such 

that hu is emted, where Ek 15 the enerOY 

required to dislodge a K-shell electron and E is the 
energy reqUired to dislodge an L-shell electron

2. The other part consists of a number of distinct and 

discrete wavelengths. They constitute the line or 

the charactenstic Xeray spectrum. 

The characteristic spectum is superposed on the As this energy diference (E-E) is comparatively very 
large. the emitted X-rays have very large energy and 

hence they are highly penetrating 
continuous spectrum. X-ray spectrum of molybdenum 

is shown in Fig. 435, 
Energy in rV hell 

2000T

Continuous specirum

Flg. 4.34 
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4.15 MOSELEY'S LAW 

A systematic study of characteristic X-ray spectra of 
different netallic elements was carried out by Moseley

in 1913- 14 by using them as targets in the X-ray tube. 
He used Bragg's spectrometer for this study. 

May 18 For Ku line, it was found that b = 4 R where Ris 

Rydberg constant, and a = 1. 

Hence for Ka lne, 

(4.17 His observations dre . 

he characteristiC X-ray Spectra of dierent
emenis are similar, as characteristic spectrum of porance or Moseley's Law: 

any element consists of K-series, L-series and M- AS per this law, the atomic number of an element

Seres. determines its physical and chemical properties, and 

The frequency of lines (in every series) produced not its atomic weight So the basis of periodic table is 

now taken as to arrange elements according to their rom an element of higher atomic number is 

greater than that produced by an element of lower
atomic number. This is so because the binding 

increasing atomic nurmber and not as their increasing 

atomic weghts as was done earlier.

energy or electrons increases as we go rom one 
Mandelevs basis or the periodic table was to arrange

element to another or higher atomic number, 1e. 

elements in ascending atomic weights. So, Potassium 

19was placed before Argon aA and Nickel and 

aNwas placed before Cobalt Co However,
Mandelev observed that to maintain the pernodicity of 

arger amount of energy is required to liberate an 
electron from K-shells, L-shells and M-shells of 

atoms of an element of higher atomic number..

Thus, say for Ku line, the higher the atomic number of 
the target material, higher is the frequency of the chemical and physical properties their orders should be 

Ka line. Mathematicaly, reversed. This dfticulty was removed by Moseley's law, 

Decause as per their atomic numbers, their order
a) 
D bz-a)

should be just opposite. 
(4.16) where or frequency of characteristic radiation. Moseley's law also led to the discovey of some new 

elements ike Hafnium (z = 72). Promethenium 
b constant, which s different for 

amerent Sere 

a constant, known as screeningProblem 4.15 : An Xray tube operating at 20 V emts 

constant and is different for differentcontinuous spectrum with shortest wavelength fimit of 0.62 

OI lechnitum (45),Rhenum = 9)ec. 

A Calcutote Pianck's constant

Solution: Short wavelength limit 

ETES.

2 Atomic number of the target
material. 

v Equation (415) is called Moseley's law. It may be stated
as, The frequency of a spectral line in characteristic X 
ray spectrum varies directly as the square of the atomic
number of the element emitting it". 

ev Ania 

16 x 102x 10° x 0.62 x 10 
Moseley's diagram for Ka and K lines, obtained by 

plotting VD versusLot different elements is shown in 

Fig. 4 h 5.72 x 10 s 
Problem 4.16: A Coolidge tube operates at 50 kV. Find 

1 
(0 the maximum velocty of the electrons striking the 

anticothode (iu mennum wavelength of X-rays generated. 

Given e= 1.6 x10"C m 9.1 x10" kg. 

Data: V= S0 kV 50 x 10 V, e 16 x 10 C 
m 91x10 kg 

Formula: 0) Vma m 
0 10 20 30 40 5060 70 80 90 100 

Gi) min V A Fig. 4.36 

T 
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Solution : () v /ExL6XI10"x 50 x 10 
SLx 10 

Solution: 

6.6 x 10x3 x 10 
Aqmin100x 10x 15 x 10 L326 x 10" m/sec 

12.375 x 10" m 12400 
Ain 50 x 10 

00X 10" x 16 x 10 
6.6 x 10 

0.24 x 10 seg 

i) 
= 0.248 A 

Problem 4.17: In an X-roy tube, electrons bombarding the 

anode proture *ras of wavelength 1 A Taking Planck's Problem 4.20:fthe p.d. opptied ocross an X-roy tube is 25 
constant as h 6.6 *10 sec, cafcutate the energy of the kV and the curent through it is 10 mA, calculate the number

electrons os it hits the onode (n Joules) and the votage of| of electrons striking the target per second and the shart
tfhe X-roy tube wavelength timit of the X-rays generated. 

Data : Amin 1A 10m h = 6.5 x 1o sec Data: V - 25 kV = 25 x 10 V, I = 10 mA = 10 x 10 

eL6 x 10 C, m 91x 10 kgi c 3xlo m/sec. Amp,e 16x 10 C 

Formula: ) E Amin 
Formula: (01 = ne 

V 

2400 () Anin A° 

Solution: (0 E X03x1o V 

Solutlon: 

19.8 x 10J. LO 
n 10 1.6 X 10 

V 6 10 L98 x 1016 
(n) 

.6* 
0.625 x 10 /sec 

12375 x 10 

12375 volts 
12400 

min25x 10A 
Problem 4.18: What is the frequeny of an ¥ray photon
whose momentum is 1.1 x10 kg-m/sec 

0.496 A 
Problem 4.21 : An X-ray tube operated at 50 RV emits a 

11x 10 kg-m/sec, c = S* 10 msec continuous spectrum with a short wavelength limit of 0.24 Data P 

h 6.6x 10 J-sec A: Catcutate Planck's constant

Data: V 50 x 10" V, Amin 0.24 A 
c 3x10" m/sec, e = 16 x 10 C 

Formula :E = pc hu 

Solution : 

Formula: minev
1.1x 10x3 x 10 

6.6x 10 Solution: 

= 5x 10 Hz h min 

Problem 419: What is the wavelength of electrons emitted

16x 10x 50 x 10* x0.24x 10 
3x 10 

when 100 keV electrons strike a target ? VWhat is ther 

frequency 

Data: E 100 Kev = 100x 10 x16x 10 ,c =3x 

10 m/sec, h = 66x10 Jsec. 

= 5410 ec 
4.16 INTRODUCTION TO ELECTRODYNAMICS 

Formula: 0) Ama 
The space is flled with two things, matter and 

radiation. The matter constituted by electrons, 

protons, neutrons etc where as radiations are 

electromagnetic. phonon, gravitons etc. 



ENGNEEESES ATU) 4.1) CRYSTAL STRCTURE, M-RAYS AND ELECTROoYNAMICS 
Ordinary matter ls made up of atoms which have 

positively charged nuclei and negatively charg9ed

electrons orbiting around them. 

V ( x H) = V.T-0 .(4.22)
The above equation is incompatible with the principle 
of conservation of charge in the equation of continuity. 

The charge of an atom is quantized in terms of the 
electronic charge whose value is 16 x 10 
coulomb. When two dharges are separated a distance, 

would experience a force due to the electric field

ie. V T 0 (4.23) 

his is due to incomplete definition of current density.

hus the total current density can be writen as produced by them 

On the other hand the motion of charges generate

current and hence magnetic field. When these fields

are time varying they produce electromagnetic waves

are coupied with each other by Maxwell's equation. (- 
With the help of Maxwell's equations, we can derive 

wave equation, based on which the propagationof 
electromagnetic waves can be investigated in different

media.

(4.24)

Maxwell replced in Ampere s law by i 

4.17 INTRODUCTION OF MAXWELL'Ss 

EQUATION
Theretore, the Ampere s law takes the from 

Dec. 18 
(4.25)When the charges are in motion, the electric and 

magnetic fields are associated with them which will 

change in both the space and time. Thus, the electric he 
above equation is valid for steady state 

and magnetic fields are interrelated with each other

This phenomenon is caled bectromagjnetismwnc 
are mathematically explaned by Maxw The term is called Conduction Curent Density and 

We can write Maxwell's equations in differential or 
integralform.

phenomenon and is also compatible with the equation 

of contnuity 10r time dependent nea. 

D 
is called Displacement Cumet Density

4.17.1 Differential form of Maxwell's Equation 4.17.2 integral Form of Maxwell's Equation_ 
(Dec. 18 (May 19] 

In differential form, the Maxwell's equanons are d The Maxwell's equations in integral tom are 
below (S. 1. Units)

T.d (4.26). por V. EGauss'slaw .. 4.18) 

.B 0 Monopoles do not exist. (419) (4.27)

Faraday's law... 4.20) . (4.28)

.H Ampere's dircuital law. (4.21)
These are the Maxwell's four equations which govern (v)9 (4.29) 
eectromagnetism. 

.Displacement Current: Dec 1814.18ELECTROMAGNETIC WAVE IN FREE 

SPACEThe first three of these are general equations and 
are valid for static as well 8s dynamicfield
But the fourth equation is derived for steady state, 
for time-varying fields take the divergence on both 

The Maxwell's equations for free space are given by. 

V xE 0 (4.30) 

sides (4.31) 
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From equ. (4.38),

xE -, (4.32) dt 

which is the velocity of light 
and V x E = e 

d (4.33) 
SUMMAR 

Taking Curl of equation (432) Space Lattice : It is defined as a regular 3-dimensional 

Vx(E) - (H) 
periodically repetitive arrangement of points in space,
which is infinite in extent

Basis: t isa group of atoms or molecules or Vx(xE-7E -ko 
Crystal Structure: t is formed by the addition of 

basis to every lattice point of space lattice.
But E 0 

Unit Cell: The parallelopiped formed by using 

VE o 0 .(4.34) premitive reactors (a, b, c) as edge is called unit 
vector.

This is the wave equation governing the field E Bravals Lattice: Common nomenclature given to the 

We can write this as 14 ditferent lattices under the seven systems ot the 

crystals. 

.(4.35) Co-Ordination Number : t is the number of nearest 
neighbours to a given atom in a crystal lattice.

where, (4.36) Lattice Constant The distance between two 
VHE 

Similarly the curi of equation (4.33) gives the wave 
neighbouring atoms, a = No 

equation for the field H Packing Factor: The ratio of the volume of the atoms
per unit cen to the total voluime of the unit cell.

H 
ie. H-Ho E 0 ..31 Lattice Plane : A set of parallel equidistant planes 

passing through the lattice ponts,

if . (438) 

VHoEo Miller Indices: h: k:1 
then H- 0 (4.39) The numbers h, k, are called the Miller indices of a 

given set of planes and the plane is specified by (hkh. 
The solution of equations (4.35) and (4.36) is written as 

Relation between Interplanar Distance and Miler 

E (r, EeK -

and H (,t) e i 
.(4.40) Indices:

.. (4.41)

where, o is the angular frequency of variation of the fields

and H. 
Symmetry here exists certain operations which 

when operated upon a gven structure, cary the 

K IS the wave vector which tells the direction o structure into itself. The structure is said to possess 
Propagation of the wave. symmetry under that operation. 

The ratio aK gives the phase velocity of the wave which is The main symmetry elementsof a crystalline solid are 
equal to the speed of light c in the free space or vacuum.

Axes of symmetry. 
In free space (vacuum)

Planes of symmety.
Ho 4Tx 10 H/m 

8.854 x 10 f/m 
Centre of symmetry



ENGINEERING PHYSICS (BATU) V5TAL STROCTUR, XAYS AROTLFIODUNAMIS 
Axis of Symmetry : When a crystal is rotated about a 

vertical axis 
UNSOLVED PROBLEMS 

Plane ot symmety: When a cystal is cut along a 

certain plane and the mirror mage ot one haif 

reproduces the other half of the aystal, then the plane 

. densty of Nac is 2.163 g/c and molecular weight 

s 5.45,ind the spacing between planes paralel to 

the cubic lsttice teces ot NCI Crystal. Ans. 2.85 AAT 

A substance with fcc latice has a density of b0 
kg/m and molecular weight of 60.2. Calculate the 
lattice constant a. Gven Avogadro number as 

AT 

along which it i5 aut, 15 called as plane of symmety.

Centre of Symmetry:t isa point na aystalsuch that 

if a line is drawn from any point on the crystal through
6.02 X 10 per kg-mole Ans 

id Maler indices of a set ot paralel planes making

ntercepts in the rabo 3a:ab on x Y axes and beng 

parallel to Z-axis, a b,beingprimitive vectors of 

Ans. (4, 3, 0)) 

this point and produced an equal distance on the other 

side of this centre, it meets an identical point.

Bragg's Law: 2d sin 8= n 

Braggs *aySpectrometer Expermenta 
arangement for verification of Bragg's law 

he attice.

Calculate interplanar spacing between (327) planes in 

The X-rays are produced when high energy electrons 

are stopped by material having high atomic number
cuDiC Cystal ot lattice constant 42x 10 cm 

The X-ray beam contains continuous and 
Ans. 11 x 10 am) 

haracteristics X-rays. 5. Cakulate the wavelength of an X-ray beam incident

The frequency of an spectral line in characteristic X-ray
spectrum varñes drectly as the square of the atomic 

number of the element emiting it. 

at 12 for the first order reflection from cakite crystal

if the grating constant of the crystal is 3.035 A" 

Ans. L2AT 

he time changing electnc and magnetic fields are 6. Moochromatic X-rays of wavelength 15 A are 

incident on a crystal whose interplanar spacing is 

16 A'. Find the various orders in which Bragg's

governed by Maxwell's equation. 

An electromagnetic wave travels with veloaty C in 

vacuum. reflections take place. 

IMPORTANT FORMULAE Ans. 1 and 2 order maxima 

nM Lattice Constant a Np BAERCSE

1. Define caystal lattice, basis and crystal structure 

interplaner distance, 2 What is meant by a space lattice ? How do we 

associate a cystal structure to the lattice?daob Describe the seven systems of crystals. Explain with 

examples the types of lattices in aubic systems Bragg's Law, 2 d sin 6 = n 

For continuous X-rays 4. What is co-ordination number ? Calculate co-

12400 ordination number for simple bcc and fcc lattices
S. What is packing factor ? Show that the packing factor

A 
V 

Moseley's law, for simple caubic, bcc and for lattices are 3 
(Z-a) 

Maxwelf's equations are 

0 D = p 
6. What is lattice constant 7 Calculate for fcc and bcc 

.B 0 lattices in terms of atomic radius.

7. What are Miller indices of a crystal? Obtain an 
expression for the spacing between consecutive 
planes.

7. 8. What are symmetry operations ? Enumerate the 
diferent types with examples. (iv) 
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9. Show the symmetry elements of an equilatera 
triangle and a square.

May 2013 
1. Define Packing Density. Find the packing density in 

10 Explain and deduce Bragg's law in X-ray difraction SC BCC, and FCC lettices. 
Describe a Bragg's spectrometer ano expiain now 2. Derive the relation between crystal density p and 

used to determine the wavelength of X-TaYs.
atuice parameter a. 

The density of copper is 8980 Kg/ m' and unit cell 

dimension is 3.61 *' Atomic wesght o copper 5 
63.54. Detemine crystal structure. 

11. What is X-ray diffraction ? 

12. What are the types of X-rays? How they are 

produced? 
13. Explain method of producing continuous spectra.

Derive the formula for minimum wavelength of the 

3. State and Derive Moseley's law for characteristics 
Xfay spectrum. 

4. What is displacement curent? Write Maxwells
Pquations in diferential and integral form.

X-rays. 
[6] 

14. State and explain Moseley's Law. 
December 2013 

1 What is primitive and nonpremitive unit cells? Find 
the number of atoS per unit cell in SC, BCC, FCC 

15. Write the Maxell's equation in diferent form.

16 Derive the formula for electromagnetic wave in free 

space. lattices 

UNIVERSITY QUESTIONS 2. Define atomic radius. Find the atomic radius in SC 
BCC, FCC lattices I6] 

December 2017 . State and Derive Bragg s law of X-ray difraction. An 

X-ray is operated at 20 kv. Calculate the minimum
Define atomic radius. Cakulate atomic radli in SC. 

waveiength o1 *rays emitting from it 

4. What is displacement curent? Wnite Maxwells
equations in ditferential and integralform 

May 2019 

BCC and FCC lattices with suitable diagrams. 14+2] 

Lead exhibits FCC structure. Each side of unit cell is of [6] 

4.95 A" Calculate radius of lead atom.

2 Derive the relation between interplaner spacing d 

defined by Miler Indices (hk) and lattice parameter 
42 

1. Define primitive and non-primve unit cels.
Calculate the lattice constant of iron which has BCC 
structure. Given p 786 gm/cc, M = 55.85. 

Calculate the interplaner specing tor (220) plane 2. Explain continuous X-ray spectrum with neat 

where the lattice constant is 4.938A 
3. What is X-ray? How do we get the continuous 

diagram, An X-ray is operated at 18 kv. Calculate the 

minimum velocity of electron bombarded at the 

anode
3. What is displacement curent? Write Maxwels

equation in integral and differential form 

spectrum in K-rays explain.

4. Derive an expression for electromagnetic wave in free 
space and hence cakculate the value of velocity of 

light in free space. 

(6] 
































































