
DAWN OF MODERN PHYSICS
Learning Objectives

At the end of this chapter the students will be able to:

1. Distinguish between inertial and non-mertial frames of references.
2. Descnbe the postulates of special theory of relativity and its results.
3. Understand the NAVASTAR navigation system.
4 Understand the concept of black body radiation.
5. Understand and describe how energy is distributed over the wavelength range for

several values of source temperature.
6. Know Planck’s assumptions.
7. Know the origin of quantum theory.
8. Show an appreciation of the particle nature of electromagnetic radiation.
9. Descri be the phenomenon of photoelectric effect.
10. Explain photoelectric effect in terms of photon energy and work function.
11. Explain the function of photocell and descnbe its uses.
12. Describe Compton's effect.
13. Explain the phenomena of pair production and pair annihilation.
14 Describe de-Broglie’s hypothesis of wave nature of particles
15. Describe and interpret qualitatively the evidence provided by electron diffraction for 

the wave nature of particles.
16. Understand tho working principle of electron microscope
17. Understand and describe uncertainty principle.

In  the early part of the twentieth century, many experimental and theoretical problems
remained unresolved. Attempts to explain the behaviour of matter on the atomic level with 
the laws of classical physics were not successful. Phenomena such as black body radiation, 
the photoelectric effect, the emission of sharp spectral lines by atoms in a gas discharge 
tube, and invariance of speed of light, coukl not be understood within tho framework of 
classical physics. To explain these observations a revolutionary framework of explanation 
was necessary which we call modem physics. Its two most significant features are relativity 
and quantum theory. The observations on objects moving very fast, approaching the speed 
of light, are well explained by the special theory of relativity. Quantum theory has been able 
to explain the behaviour of electromagnetic radiation as discrete packets of energy and the 
particles on a very small scale are dominated by wave properties.
Classical physics is still valid in ordinary processes of everyday life. But to explain the 
behaviour of tiny or very fast moving particles, we have to use the above mentioned 
theories. In this chapter, we shall discuss Various aspects of theory of relativity and quantum
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theory. Before introducing special theory of relativity, some 
related terms are discussed briefly.

19.1 RELATIVE MOTION
When we say a ball is thrown up. the 'up' direction is only for 
that particular place. It will be 'down' position for a person on 
the diametrically opposite side of the globe. The  concept of 
direction is purely relative. Similarly, the rest position or the 
motion of an object is not same for different observers. For 
example, the walls of the cabin of a  moving train aro 
stationary with respect to the passengers sitting inside it but 
are in motion to a person stationary on the ground. So we 
cannot say whether an object is absolutely at rest or 
absolutely in motion. All motions are relative to a person or 
instrument observing it.

Let us perform an experiment m two cars moving with 
constant velocities m any direction. Suppose a ball is thrown 
straight up. It will come back straight down. This will happen in 
both cars. But if a person in one car observes the experiment 
done in the other car. will he observe the same? Suppose now 
one car is stationary. The  person in the other car. which is 
moving with constant velocity, throws a ball straight up. He will 
receive the ball straight down. O n the other hand, the fellow 
sitting in the stationary car obsorves that the path of the ball is 
a parabola Thus, when experimonters observe what is going 
on in their own frame of reference, the same experiment gives 
identical observations. But if they look into other frames, they 
observe differently.

19.2 FRAMES OF REFERENCE
W e have discussed the most commonly used Cartesian 
coordinate system In effect, a frame of referenco is any 
coordinate system relative to which measurements are taken. 
The  position of a table in a room can be located relative to the 
walls of the room. The room is then the frame of reference. 
For measurements taken in the college laboratory, the 
laboratory is the reference frame. If the same experiment is 
performed in a moving train, the train becomes a frame of 
reference. The  position of a spaceship can be desenbed 
relative to the positions of the distant stars. A  coordinate 
system based on these stars is then the frame of reference.

An inertial frame of reference is defined as a coordinate 
system in which the law of inertia is valid. That is. a body at
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rest rem ains at rest unless an unbalanced force produces 
acceleration in it. Other laws of nature also apply in such a 
system. If w e place a body upon Earth it rem ains at rest 
unless an unbalanced force is applied upon it. This 
observation show s that Earth m ay be considered as an 
inertial frame of reference. A  body placed in a car m oving with 
a uniform velocity with respect to Earth also remains at rest, 
so  that car is also an inertial frame of reference. Th u s  any 
frame of reference which is m oving with uniform velocity 
relative to an  inertial frame is also an inertial frame.

W h e n  the m oving car is suddenly stopped, the body placed in 
it. no  longer remains at rest. S o  is the case w hen the car is 
suddenly accelerated. In such a situation, the car is not an 
inertial frame of reference. Th u s  an accelerated frame is a 
non-inertial frame of reference. Earth is rotating and 
revolving and hence strictly speaking, the Earth is not an 
inertial frame. But it can often be treated as an  inertial frame 
without serious error because of very small acceleration.

19.3 S P E C IA L  TH E O R Y  O F R E LA TIV ITY
T h e  theory of relativity is concerned with the w a y  in which 
observers w ho are in a state of relative motion desenbe 
physical phenom ena. Th e  special theory of relativity treats 
problems involving inertial or non-accelerating frames of 
reference. Th e re  is another theory called general theory of 
relativity w hich treats problems involving frames of reference 
accelerating with respect to one another. Th e  special theory 
of relativity is based upon two postulates, which can be 
stated as follows:

1 T h e  laws of physics are the sam e in all inertial frames.

2. Th e  speed of light in free space has the sam e value for all 
observers, regardless of their state of motion.

Th e  first postulate is the generalization of the fact that all 
physical laws are the same in frames of reference moving with 
uniform velocity with respect to one another. If the laws of 
physics were different for different observers in relative motion, 
the observer could determine from this difference that which of 
them were stationary in a space and which were moving. But 
such a distinction does not exist, so this postulate implies that 
there is no w ay to detect absolute uniform motion. Th e  second 
postulate states an experimental fact that speed of light in free 
space is the universal constant'd  (c  = 3 x 10* m s ’). These 
simple postulates have far-reaching consequences. These

Do You Know?

-  i

Th e  K M C  or light emm od by 
fiMhight is c  measured by two 
observers, o n s o n f e  moWng track 
end the other c«i the rc>»d
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include such phenom ena as ihe slowing dow n of clocks and 
contraction of lengths in m oving reference frames as 
measured by a stationary observer. S om e interesting results 
of the special theory of relativity can be summarized as 
follows without going into their mathematical derivations.

T im e  D ila tio n

According to special theory of relativity, time is not absolute 
quantity. It depends upon the motion of the frame of 
reference.

Suppose an observer is stationary m an inertial frame. He 
measures the time interval between two events in this frame. 
Let it be f.. Th is  is known as proper time. If the observer is 
m oving with respect to frame of events with velocity v  or if the 
frame of events is m oving with respect to observer with a 
uniform velocity v, the time m easured by the observer would 
not be f,. but it would be t given by

(19.1 )

one. so t is greater

than (.i .e ., time has dilated or stretched due to relative motion 
of the observer and the frame of reference of events. This 
astonishing result applies to all timing processes - -  physical, 
chemical and biological. Even aging process of the human 
body is slowed by motion at very high speeds.

L e n g th  C o n t ra c t io n

T h e  distance from Earth to a star m easured by an observer in 
a moving spaceship would seem  smaller than the distance 
measured b y  an  observer on Earth. Th a t is. if you are in 
motion relative to two points that are a fixed distance apart, 
the distance between the two points appears shorter than if 
you were at rest relative to them. Th is  effect is known as 
length contraction. Th e  length contraction happens only 
along the direction of motion. N o  such contraction would be 
observed perpendicular to the directign of motion. Th e  length 
of an object or distance between two points measured by an 
observer w ho is relatively at rest is called proper length If 
an object and an observer are in relative motion with speed v. 
then the contracted length 'C is given by
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( 1 9 2 )

M ass Variation

According to special theory of retativity, mass of an object is a 
varying quantity and depends upon the speed of the object. 
An object whose mass when measured at rest is m0 will have 
an increased mass m  when observed to be moving at speed 
v. They are related by

'V  ........  (193>

The increase in mass indicates the increase in inertia the 
object has at high speeds. As v approaches c. it requires a 
larger and larger force to change the speed of the object.

As v—>c, — —> 1 therefore , T - - y  -» 0
c i c *

Thus m

An infinite mass would require an infinite force to accelerate 
it. Because infinite forces are not available, hence, an object 
cannot be accelerated to the speed of light '<? in free space.

In our everyday life, we deal with extremely small speeds, 
compared to the speed of light. Even the Earth's orbital speed 
is only 30 k m s O n  the other hand, the speed of light in free 
space is 300.000 kms ’. This is the reason why Newton's laws 
are valid in everyday situations. However, when 
experimenting with atomic particles moving with velocities 
approaching speed of light, the relativistic effects are very 
prominent, and experimental results cannot be explained 
without taking Einstein's equations into account.

E n e rg y  -  M ass Relation

According to special theory of relativity, mass and energy are 
different entities but are interconvertible. The total energy £  
and mass m of an object are related by the expression

£  = mc’   (19.4)

where m  depends on the speed of the object. At rest, the 
energy equivalent of an object's mass m, is called rest mass 
energy £„.
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E.=m,<?  ............. (19.5)

As me* is greater than mtc\ the difference of energy
(me?- mjc?) is due to motion, as such it represents the kinetic
energy of the mass. Hence

K.E. = (m -m 0)c 2 ............. ( 19.6 )

From equation 19.4 above, the change in mass m  due to 
change in energy A £  is given by

Because o' is a very large quantity, this implies that small 
changes in mass require very large changes in energy. In our 
everyday world, energy changes are too small to provide 
measurable mass changes. However, energy and mass 
changes in nuclear reactions are found to be exactly in 
accordance with the above mentioned equations.

N A V S TA R  N avigation System

The results of special theory of relativity are put to practical 
use even in everyday life by a modem system of navigation 
satellites called NAVSTAR. The location and speed 
anywhere on Earth can now be determined to an accuracy of 
about 2 cm s’. However, if relativity effects arc not takon into 
account, speed could not be determined any closer than 
about 20 cms ’. Using these results the location of an aircraft 
after an hour's flight can be predicted to about 50 m as 
compared to about 760 m determined by without using 
relativistic effects.

Exam ple  19.1: The period of a pendulum is measured to be 
3.0 s in the inertial reference frame of the pendulum. What is 
its period measured by an observer moving at a speed of 
0.95 c with respect to the pendulum?

S olu tion:



E x a m p le  19 .2 : A  bar 1.0 m in length and located along 
x-axis moves with a speed of 0.75 c  with respect to a 
stationary observer. What is the length of the bar as 
measured by the stationary observer?

S o lu tio n :
fo = 1 .0 m , v = 0 .7 5 c . £ = ?

Using (  r: f 0| l - ^ 1

r =  1 .0 m x 1.001X^1- (0 .7 5 )1 -  0.66 m

E x a m p le  19.3 : Find the mass m  of a moving object with 
speed 0.8 c.

S o lu tio n :

Using

or

or m  = 1.67 m0

19.4 BLACK BODY RADIATION
When a body is heated, it emits radiation. The nature of 
radiation depends upon the temperature. At low temperature, a 
body emits radiation which is principally of long wavelengths in 
the invisible infrared region. At high temperature, the proportion 
of shorter wavelength radiation increases. Furthermore, the 
amount of emitted radiation is different for different 
wavelengths. It is of interest to see how the energy is distributed 
among different wavelengths at various temperatures. For 
example, when platinum wire is heated, it appears dulf red at 
about 500 °C. changes to cherry red at 900:C . becomes orange 
red at 1100°C. yellow at 1300:C  and finaty white at about 
1600=0. This shows that as the temperature is increased, the 
radiation becomes richer in shorter wavelengths.

In order to understand the distribution of radiation emitted from 
a hot body, we consider a non-reflecting object such as a solid

m : 1.67 m„

(• Absorption o ( radabon

F i g  19 .1
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Fig. 19.1

that has a hollow cavity within it. It has a small hole and the 
radiation can enter or escape only through this hole. Th e  
inside is blackened with soot to make it as  good an  absorber 
and as bad a reflector as possible. Th e  small hole appears 
black because the radiation that enters is reflected from the 
inside walls m any times and is partly absorbed at each 
reflection until none remains. Such a body is termed as black 
body and has the property to absorb all the radiation entering 
it. A  black body is both an ideal absorber (F ig . 19.1 a )a n d a n  
ideal radiator(F»g. 19.1 b).

In te n s ity  D is tr ib u t io n  D ia g ra m

Lum m er and Pringsheim measured the intensity of emitted 
energy with wavelength radiated from a black body at 
different temperatures by the apparatus shown in F ig .19.2. 
T h e  am ount of radiation emitted with different wavelengths is 
show n in the form of energy distribution curves for each 
temperaturo in the Fig. 19.3.

black body cavity

For Your Information

rock tax 
pnsm (tran vntt 
and daperse* a i 
wavelengths)

At a given temperature T, the emitted energy has 
m axim um  value for a certain wavelength and the 
product / v . x f  remains constant.

> _ x  T  = Constant ..............  (19 .7 )

Th e  value of the constant known as  W ien's constant is 
about 2.9  x 10'* m  K. Th is  equation m eans that as T

Th e s e  curves reveal the following interesting facts.

At a given temperature, the energy is not uniformly 
distributed in the radiation spectrum of the body.

2 .

F ig  19 3 Rm uCs o f Lummer and 
Pnngshem ’s eipenmenl* graphs of 
rnleowty oI  redated energy a gen t! 
wavelength Irom a  btackbody

F I *  1*2
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increases. X _ . shifts to shorter wavelength.

3. For all wavelengths, an increase in temperature causes 
an increase in energy emission. The radefcm intensity 
increases with increase in wavelengths and at a 
particular wavelength , it has a maximum value. With 
further increase in wavelength, tho intensity decreases.

4 Th e  area under each curve represents the total energy 
(£ )  radiated per second per square metre over all 
wavelengths at a particular temperature. It is found that 
area is directly proportional to the fourth power of ketvin 
temperature T .  Th u s

£  x T*  or £  =<j t ‘   (19.8)

where o  is called Stefen's constant. Its value is 5.67 x 10"*
W m 'IC * and the above relation is known as  Stefen-
Boltzmann law.

P la n c k ’s  A s s u m p t io n

Electromagnetic w ave theory of radiation cannot explain the 
energy distribution along the intensity-wavelengths curves. 
Th e  successful attempts to explain the shape of energy 
d is t r ib u t io n  c u r v e s  g a v e  r is e  to  a n e w  a n d  
non-classical view of electromagnetic radiation. In 1900. Max 
Planck founded a mathematical model resulting in an 
equation that describes the shape of observed curves 
exactly. H o  suggested that energy is radiated or absorbed in 
discrete packets, called quanta rather than as a continuous 
w ave. E ach  quantum is associated with radiation of a single 
frequency. Th e  energy £  of each quantum is proportional to 
its frequency/.and

£ = h /    (19 .9 )

where h is Planck's constant. Its value is 6.63 x 10'* Js . This 
fundamental constant is as  important in physics as the 
constant c. the speod of light in vacuum.

Max Planck received tho Nobel Prize in physics in 1918 for 
his discovery of energy quanta.

T h e  P h o to n

Pfanck suggested that as matter is not continuous but 
consists of a large num ber of tiny particles, so  is the radiation 
energy from a sourco. H e  assum ed that granular nature of
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radiation from hot bodies was due to some property of the 
atoms producing it. Einstein extended his idea and 
postulated that packets or tiny bundles of energy are integral 
part of all electromagnetic radiation and that they could not 
be subdivided. These indivisible tiny bundles of energy he 
called photons. The beam of light with wavelength >. consists 
of stream of photons travelling at speed c  and carries energy 
hf. From the theory of relativity momentum p  of the photon is 
related to energy as

E = p c  ............. (19.10)

Thus pc = hf or P ^  —  = - ............. (19.11)
C  A

The table 19.1 relates the quanta emitted in different regions 
of the electromagnetic spectrum with energy. At the high end. 
y- radiation with energy -  1 MeV is easily detected as quanta 
by a radiation detector and counter. At the other end. the 
energy of photon of radio waves is only about 10" 5 eV. So 
millions of photons are needed to detect a signal and hence 
wave properties of radio waves predominate. The quanta are

Table: 19.1 Electromagnetic spectrum
ImfwiY, 11/ -
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so close together in energy value that radio waves are 
detected as continuous radiation.

The emission or absorption of energy in steps may be 
extended to include any system such as a mass oscillating on 
a spring. However, the energy steps are far too small to be 
detected and so any granular nature is invisible. Quantum 
effects are only important when observing atomic sized 
objects, where h is a significant factor in any detectable 
energy change.

Exam ple  19.4: Assuming you radiate as does a blackbody 
at your body temperature about 37 °C, at what wavelength do 
you emit the most energy?

Solution:

T  37°C = 310K 

Wien's constant = 2.9xlO~5 mK

Using ^  x T  Constant

’  ^ o k " *  ' 9 35 * 1cr' m ■9 35

The radiation lies in the invisible infrared region and is 
independent of skin colour.

Exam ple 19.5: What is the energy of a photon inabeam of 
infrared radiation of wavelength 1240 nm?

Solution:

X = 1240 nm . E  = ?

Using E  ■ hf ^
A

E  = 6 .6 3 x l0 > «Js x 3 x 1 0 »m s _ -: = 1 6 x 1 0 , t j  
1240x10 8 m

or E  - 1.0 eV

1 9.5  I N T E R A C T I O N  O F  E L E C T R O M A G N E T I C  
R A D IA T IO N  W IT H  M A T T E R

Electromagnetic radiation or photons interact with matter in 
three distinct ways depending mainly on their energy. The 
three processes are
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f ig  1 * 4  Experimental arrangemerU 
to cfcaerre e*»*>o t«tnc eWect

PHotoelectrc
current

J i
< _  -v

I, >/.

♦ v - »

F ig  19.5 CMrecteratic c u v e t  ot 
ptiotocurrenl v*. a (f* e d  voltage lor 
two mtensAes ot mooocf-romou: 
IghC

<— -V  o ♦V — >

F ig  1 9 4  C tw e c te rW c  curve* ot 
ptiotocurrent v*. appt* 0  votog* for 
tgh»c^<Ht*rentfr*qu«oer*»

(i) Photoelectric effect

(ii) Com pton effect 

(in) Pair production

P h o to e le c tr ic  E ffe c t

T h e  emission of electrons from a metal surface when 
exposed to light of suitable frequency is called the 
photoelectric effect. Th e  emitted electrons are known as 
photoelectrons.

Th e  photoelectnc effect is demonstrated b y  the apparatus 
shown in Fig. 19.4. A n  evacuated glass tube X  contains two 
electrodes. Th e  electrode A  connected to the positive 
terminal of the battery is known as  anode. T h e  electrode C  
connected to negative terminal is known as cathode. W hen 
monochromatic light is allowed to shine on cathode, it begins 
to emit electrons. Th e s e  photoelectrons are attracted by the 
positive anode and the resulting current is measured by an 
ammeter. Th e  current stops w hen light is cut off. which 
proves, that the current flows because of incident light. Th is  
current is. henco. called photoelectric current. Th e  maximum 
energy of the photoelectrons can be determined by reversing 
the connection of the battery in the circuit i.e.. now  the anode 
A  is negative and cathode C  is at positive potential. In this 
condition the photoelectrons are repelled by the anode and 
the photoelectric current decreases. If this potential is made 
m ore and more negative, at a certain value, called stopping 
potential V0, the current becom es zero. Even the electrons of 
m axim um  energy are not able to reach collector plate. Th e  
m axim um  energy of photoelectrons is thus

1 2- m v '  
2 *

(19.11)

where m  is mass, v is  velocity and e is the charge on electron. 
If the experiment is repeated with light beam  of higher 
intensity, the am ount of current increases but the current 
stops for the sam o value of V,. Th e  F ig .19.5 shows two 
curvos of photoelectric current as a function of potential V  
where / ,> / ,.  If. however, the intensity is kept constant and 
experiment is performed with different frequencies of 
incident light, we obtain the curves shown in F ig .19.6. Th e  
current is sam e but stopping potential is different for each 
frequency of incident light, which indicates the proportionality 
of m axim um  kinetic energy with frequency of light t.
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The important results o f the experiments are

1.

2 .

The electrons are emitted with different energies. The 
maximum energy of photooloctrons depends on the 
particular metal surface and the frequency of incident 
light.

There is a minimum frequency below which no electrons t  
are emitted, however intense the light may be. This 
threshold frequency/, varies from metaltometal. * £ _

Electrons are emittod instantaneously, the intensity of 
light determines only their number.

For Your Information

A  graph oI the marimum Unetc
energy o l photoetoctrone v* *gM
fre q u e n c y . B e lo w  a ce rta in

These results could not be explained on the basis of 
electromagnetic wave theory of light. According to this 
theory, increasing the intensity of incident light should 
increase the K.E. of emitted electrons which contradicts the 
experimental result. The  classical theory cannot also explain ^ ^ ocy- ^  
the threshold frequency of light.

Explanation on the Basis of Q uantum  Theory

Einstein extended the idea of quantization of energy 
proposed by Max Ptanck that light is emitted or absorbed in 
quanta, known as photons. The energy of each photon of 
frequency /as given by quantum theory is 

E = h f

A  photon could be absorbed by a single electron in the metal 
surface. Th e  electron needs a certain minimum energy called 
the work function ’O ' to escape from the metal surface. If the 
energy of incident photon is sufficient, the electron is ejected 
instantaneously from the metal surface. A  part of the photon 
energy (work function) is used by the electron to break away 
from the metal and the rest appears as the kinetic energy of 
the electron. That is.

InckJont photon energy - Work function = Max K E .d  photoelectron

or h/- <t> = -  m v ,L  
2

(19.12)

This is known as Einstein's photoelectric equation.

When K . E ^  of the photoelectron is zero, the frequency / is 
equal to threshold frequency /* hence the Eq. 19.12 becomes

h/.-0> = 0  or 0  = h/.   (19.13)

Hence, we can also write Einstein's photoelectric equation as
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q u a rtz O f  g lM *  tub* 

catfvxl*

r  >g 1 * .:  S « T * o  p to to -o m M sftQ  c o l
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f i g  1 9 *  S o u n d Ir a c * o n • tt n « N c # >  
v an* *  Vi* in i«n * * y  of Ig h t  rM c M n g  
V *  photo O H .

bjh<

:  :

sou nd t r > ^

(b )

F*V 19.8  P ro to c o l <J*toetton o rcu *  
ftx  s o u n d  * » c *  of moYio*

K£*m> « h f - h f 0 ..............  (19 .14)

It is to be  noted that all the emitted electrons do  not possess 
the maximum kinetic energy, som e electrons com e straight 
out of the metal surface and som e lose energy in atomic 
collisions before coming out. Th e  equation 19.14 hoWs good 
only for those electrons which com e out with full surplus 
energy.

Albert Einstein w as awarded Nobel Prize in physics in 1921 
for his explanation of photoelectric effect.

Note that the phenom enon of photoelectric effect cannot be 
explained if w e assum e that light consists of w aves and 
energy is uniformly distributed over its wavefront. It can only 
be explained b y  assum ing light consists of corpuscles of 
energy known as photon. Th u s  it show s tho corpuscular 
nature of light.

P ho tocell

A  photocell is based on photoelectric effect. A  simple 
photocell is shown in Fig. 19.7. It consists of an evacuated 
glass bulb with a thin anode rod and a cathode of an 
appropriate metal surface. Th e  material of the cathode is 
selected to suit to the frequency range of inddent radiation 
over which the cell is operated. For oxam ple sodium or 
potassium cathode emits electrons for visible light, cesium 
coated oxidized silver emits electrons for infrared light and 
som e other metals respond to ultraviolet radiation. W hen 
photo-em issive surface is exposed to appropriate light 
(F ig .19.8 a ), electrons are emitted and a current flows in the 
external drcuit which increases with the increase in light 
intensity. Th e  current stops when the light beam  is 
interrupted. Th e  cell has wide range of applications. S om e of 
these are to operate:

1. Security systems

2. Counting systems

3. Automatic door systems

4 Automatic street lighting

5. Exposure meter for photography

Soun d track of m ovies (Fig.19.8 b)

E x a m p le  1 9 .6 : A  sodium surface is illuminated with light of 
wavelength 300 nm . Th e  work function of sodium metal



is 2.46 eV.

(a ) Find the maximum K .E. of the ejected electron.

(b) Determine the cut off wavelength for sodium. 

Solution:
X = 300nm. 0  = 2.46eV

Ka
(a ) Energy of incident photon E  = hf = —

or E  = = 6.63 x  10 19 J
300 x10 m

£  = 4 .14oV

Now K .E mn = h f -C >  4 .1 4 e V - 2 .4 6 eV = 1.68eV

(b ) <t> = 2.46 e V  = 3.94 x 10 **J

Using <J> = h/0 = ^
0

or ?.o =  tl£ = 6 . 6 3 x 1 0 - » J s x 3 x l 0 » m s - = 5 0 5 x 1 0  ?m  

0 <t> 3.94x10 ” J

X0 • 505 nm

Tho cut off wavelength is in the green region of the visible 
spectrum

C o m p to n  Effect

Arthur Holly Compton at Washington University in 1923 
studied the scattering of X-rays by loosely bound electrons 
from a graphite target (Fig. 19.9 a). Ho measured the 
wavelength of X -rays scattered at an angel 0 with the original 
direction. He found that wavelength X, of the scattered X-rays 
is larger than the wavelength X of the incident X-rays. Th is  is 
known as Compton effect. The increase in wavelength of 
scattered X-rays could not be explained on the basis of 
classical wave theory. Compton suggested that X-rays 
consist of photons and in the process of scattering the 
photons suffor collision with electrons like billiard balls 
(Fig .19.9 b & c). In this collision, a part of incident photon 
energy and momentum is transferred to an electron. Applying 
energy and momentum conservation laws to the process, he 
derived an expression for the change in wavelength AX 
known as Compton shift for scattering angle 0 as

(•)
F>g.l9.9 ( « )  Corr^lon'%  *c*t1onng 
OJHJ*nr>*rt
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A - I V X ,

E
f t 0 9  otoctron

A X  =  ( 1 - C O S O ) (19.15) 

h
where m . is the rest mass of the electron The factor —  has

mec
dimensions of length and is called Compton wavelength and 
has the numorical value

h 6.63 x 10 ^  Js

m0c 9.1x10 51 k g x 3 x 1 0 * ms 1
2.43x1 0''*  m

(«)

F »g  1 9 .9  (t > )A p t w X o n c o M o * w W ia o  
•i»ctrenand(c)8o9iar**c«nor«<3

If the scattered X-ray photons are observed at 0 = 90°. the 
Compton shift AX equals the Compton wavelength. The 
E q .19.15 was found to be in complete agreement with 
Compton's experimental result, which again is a striking 
confirmation of particle like interaction of electromagnetic 
waves with matter.

Arthur Holly Compton was awarded Nobel Prize in physics in 
1927 for his discovery of the effect named after him.

E x a m p le  19.7: A  50 keV photon is Compton scattered by a 
quasi-free electron. If the scattered photon comes off at 45°. 
what is its wavelength?

Solution:

E  -  50keV = 50x 103 x 1 .6 x 1 0 19 J

Using

Now

m „ T or

6 .6 3 x 1 0 ^  Js x 3 x 1 0 *  ms 1 

50x10* x 1 .6 x 1 0 ',# J

X’ - / . - — (1 -C O S 4 5 0)  
me

he
X - -

= 0.0248 nm

X ' - X -
6.63x10 ** Js - j  (1 -0 .7 0 7 )

9.1x10 J , k g x 3 x l0 * m s

= 0.2429 x 1 0 "m x 0 .2 9 3  

X ' - X i  0.0007nm 

X ' - x - f  0.0007 nm 

X' = 0.0248 nm + 0.0007 nm = 0.0255 nm
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Pair Production

In the previous sections you have studied that a low energy 
photon interacting with a metal is usually completely 
absorbed with the emission of electron (Photoelectric effect) 
and a high energy photon such as that of X-rays is scattered 
by an atomic electron transferring a part of its energy to the 
electron (Compton effect). A third kind of interaction of very 
high energy photon such as that of y-rays with matter is pair 
production in which photon energy is changed into an 
electron-positron pair. A positron is a particle haying mass and 
charge equal to that of electron but the charge being of 
opposite nature i.e. positive. The creation of two partides with 
equal and opposite charges is essential for charge 
conservation in the universe. The positron is also known as 
antiparticle of electron or anti-electron. The interaction 
usually takes place in the electric field in the vicinity of a heavy 
nucleus as shown intheFig.19.10so that there is a particle to 
take up recoil energy and momentum is conserved.

In the process, radiant energy is converted into matter in 
accordance with Einstein's equation E  -  me', and hence, is 
also known as materialization of energy. For an electron or 
positron, the rest mass energy = m.C1 = 0.51 MeV. Thus to 
create the two particles 2 x 0.51 MeV or 1.02 MeV energy is 
required. For photons of energy greater than 1.02 MeV. the 
probability of pair production occurrence increases as the 
energy increases and the surplus energy is carried off by the 
two particles in the form of kinetic energy. The process can be 
represented by the equation

Energy of photon 1 jK ln e U c energy 1
[for pair production ! | of the partides !

hf = 2m0c2 + K.E. (e ) + K.E. ( e ' ) ............ (19.16)

photon I

V
P t x  P r o d u c t i o n  

F i g .  19.10

1 9 .6  A N N I H IL A T I O N  O F  M A T T E R

It is converse of pair production when a positron comes close 
to an eledron they annihilate or destroy each other. The 
matter of two particles changes into electromagnetic energy 
produdng two photons in the y-rays range.

e  » y  + y

The two photons are produced travelling in opposite 
directions (Fig. 19.11) so that momentum is conserved. Each
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photon has energy 0.51 MeV equivalent to rest mass energy 
of a particle.

The existence of positron was predicted by Dirac in 1928 and 
it was discovered in the cosmic radiation in 1932 by Carl 
Anderson. It gradually became dear that every partide has a 
corresponding antiparticle with the same mass and charge (if 
it is a charged partide) but of opposite sign. Partides and 
antiparticles also differ in the signs of other quantum 
numbers that we have not yet discussed. A  particle and its 
antipartide cannot exist together at one place. Whenever 
they meet, they annihilate each other. That is. the partides 
disappear, their combined rest energies appear in other 

y.phoioo forms. Proton and antiproton annihilation has also been 
observed at Lawrence Berkeley Laboratory.

19.7 WAVE NATURE OF PARTICLES
It has been observed that light displays a dual nature, it acts 
as a wave and it acts as a partide. Assuming symmetry in 
nature, the French physicist, Louis de Broglie proposed in 
1924 that partides should also possess wavelike properties. 
As momentum p of photon is given by equation 19.11.

*

T
Ftg. 19.11 h

P = I

Do You Know?

Ligh t a .  «  short, th *  m o st refined 
t o r n  o t  m e tie r (L o u *  d o  Brogfco 
1892-1987)

de Broglie suggested that momentum of a material partide of 
mass m  moving with velocity v  should be given by the same 
expression. Thus

h
p  = -  * mv

or x « -  = —  .............  ( 19.17)
p mv

where X is the wavelength associated with partide waves. 
Hence an electron can be considered to be a partide and it 
can also be considered to be a wave. The equation 19.17 is 
called de Broglie relation.

An object of large mass and ordinary speed has such a small 
wavelength that its wave effects such as interference and 
diffraction are negligible. For example, a rifle bullet of mass 
20 g and flying with speed 330 m s' will have a wavelengthX 
given by

X ■ —  .  — f f f f i - 1. ? . - -  ,1 * 1 0  *  m
m v  2x10 7 kg*330ms
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Th is  wavelength is so small that it is not m easurable or 
detectable by any of its effects.

O n  the other hand for an electron m oving with a speed of
1 x 10‘  m s ',

Th is  wavelength is in the X -ra ys  range. Th u s , diffraction 
effects for elebtfifchs ate m easurable whereas diffraction or 
interference effects for bullets are not.

A  cdrivinclng G w e n t e  Qf the w ave nature of electrons was 
provided b y  CtiHfdi^J. Davissdn and Laster H. Germ or. Th e y  
show e d thatlelecttonsiw e diffractod from: metal crystals in 
exactly the sam e manrtor as X -ra ys  or any other w ave. Th e  
apparatus u sp d 'b y  thorn is show n in Fig. 19.12. in which 
electrons, /rom  heated filament are accelerated by an ' 
adjustable applied voltage V. T h e  electron beam  of energy c
Vo  is m ade incident on a nickel crystal. Th e  beam  diffracted 
from crystal surface enters a detector and is recorded as a 
current /. T h e  gam  in K .E . of the electron as it is accelerated

In one of the expenments. the accelerating voltage V  w a s 54 
volts, hence

TH ls feiJam of electrons diffracted from crystal Surface was 
obiarifed for a glancirig'tfngle of 65°. According to Bragg's,

byapotential V in  the electron gun is 

g iv e n  b y  1 =  v ®  

r i g .19.12 EipertmenW errenaem ert 
o'0avo*or> end G e rm *  lor electron 
tfttecton

or ; m v  = - j2 m V e

From  de  Broglie equation

Th u s (19 .1 8)

I.W 9'
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Foi Your Inloim.ition

8*»mc#
•4*e*oos

(*»>

(•) It •'♦■aro-n W h a iM  as c-scr** 
par.c**  w in  no wave pvopeme*. 
Itiey * o t t t  pas* through eve or the 
Other d  the two tM s and tttke the 
screen caus-rg  «  to g b w  and 
re d u c e  e>ao m age* of the u t s  (b ) 
•n reewy the screen revest* a pattern 
of t n j r t  w i  dark hnge* simaar to 

a  used and *it#r«er»«ce occurs 
between the »ght wave* oowsng from
eachiM

equation

2 d s in 0  = m>.

Fof 1 st order diffraction m = 1
For nickel d = 0 .9 1 x 1 0 ''* m

Th u s  2  x 0.91 x 10"10 m  x sin 65® ■ >.

which gives Ji= 1 .65x1 O’* m

Thus, experimentally observed wavelength is in excellent 
agreem ent with theoretically predicted wavelength.

Diffraction patterns have also been observed with protons, 
neutrons, hydrogen atoms and helium atoms thereby giving 
substantial evidence for the w ave nature of particles.

For his work on the dual nature of partides. Prince Louis 
Victor de Broglie received the 1929 Nobel Prize in physics. 
Clinton Joseph Davisson and G eorge Paget Thom son 
shared the Nobel Prize in 1937 for their experimental 
confifmatton of the w ave nature of partides.

W a v e  P a rt ic le  D u a lity

Interference and diffraction of light confirm its w ave nature, 
while photoelectric effect proves the partide nature of light. 
Similarly, the experiments of Davisson and G erm er and 
G  P. Thom so n reveal w ave like nature of electrons and in the 
experiment of J .  J .  Thom so n to find e/m w e had to assume 
partide like nature of the electron. In the sam e w ay w e are 
forced to assum e both wavelike and particle like properties 
for all matter: electrons, protons, neutrons, molecules etc. 
and also light, X -rays, y-rays etc. have to be included in this. 
In other words, matter and radiation have a dual ‘w ave- 
partode’ nature and this new  concept is known as wave 
partide duality. Niels Bohr pointed out in stating his principle 
of complementarity that both w ave and partide aspects are 
rsquired for the complete description of both radiation and 
matter. Both aspects are always present and either m ay be 
revealed by an experiment. However, both aspects cannot 
be revealed simultaneously in a single experiment, which 
aspect is revealed is determined by the nature of the 
experiment being done. If you put a diffraction grating in the 
path of a light beam , you reveal it as a w ave. If you allow the 
light beam  to hit a metal surface, you need to regard the 
beam  as a stream of partides to explain your observations. 
Th e re  is no  simple experiment that you can carry out with the
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beam that will require you to interpret it as a wave and as a 
partide at the same time. Light behaves as a stream of 
photons when it interacts with matter and behaves as a wave 
in traveling from a source to the place where it is detected. In 
effect, all micro-particles (electrons, protons, photons, atoms 
etc.) propagate as if they wero waves and exchange energies 
as if they were particles - that is the wave particle duality.

Exam ple 19.8: A  particle of mass 5.0 mg moves with speed 
of 8.0 ms". Calculate its de Broglie wavelength.

Solution:

m = 5.0 mg = 5.0 x 10'* kg 

v *  8.0 ms" 

h = 6.63x10 Js

Using x „ J L  ^ x I O ^  66x1Q.Wm
me 5.0*10 * kg x 8.0 ms

Example 19.9: An electron is accelerated through a 
Potential Difference of 50 V. Calculate its de Broglie 
wavelength.

Solution:
m - 9.1 x 10-* kg. V# = 5 0 V .

X - ? .  • ■ 1.6x10"" C

then

^2  x 9.1 x 10'3'kg  x 50 JC  ’ x 1 .6x10-" C  

. 1 .74x10'" m

Uses of Wave Nature of Particles

The fact that energetic particles have extremely short 
de Broglie wavelengths has been put to practical use in many 
ultra-modem devices of immense importance such as 
electron microscope.
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E le ctro n  • ncrosocpo (  B lo ck  D ia g ra m  

F ig . 1 9 .13

Oo You K n ow ?

In the subalomc wortd lew thngt can 
bcpiuOcMOvWMOO%pr»caon

q ie lm  oJ iyO< 9 iiu p 0 i lliw JsrtJ met# 

tfectfcn n&tSf

Irani3whidh’ ©ffab^jsYv? 
dolills nof ws$le vyyi bj 
mlcroscop# $ecW c aWef i 
lenses are u3e<f(,tbVftf 
Q^pmagneUi?>forjieettKM,<K^ verted,on m etft^otprgec. 
The resulting o o < | o o ^ ,o t ^ e «p ^ r o n »b e «m «d r e  «ni9ar 
to the refraction effects produced by glass lenses used to 
focus light in optical microscope. The e:ecf&fWulfi& 
accelerated to highepergi^s by applying voltage from 30 kV 
to soverai megavotts. i>uch lugh voltages give extremely 
short wavelength and also givo the electron sufficient energy 
to penetrate specimen of reasonably thickness. A resolution 
of 0.5 tc 1 nm is possible'with a 50 kV microscope as 
co^pfi.^1 to^yst optkSil re&*utfoMf 0.2 pm. A  schematic 
diagram of me electron; rulcrp3cope is ;shown in the Figure 
1?. 13. The magnetic conducting lens concentrates the beam 

the specimen? ebcfrtMS W  
stti*e#d-«tit?bf W ’&bem from ttfe m*Sk«rr’paW e6r the' 
specimen. The transmitted beam theroforo hb£lit&t?al 
differ ences in density that correspond to the feature 
specimen. Tqe ppjecfcve and intermediate,lenses produce a 
real intermedtetr image and p reaction lens forms the final 
image which csn b§ vigyfecf)On 3 fluorescent screen or 
photographed on special film known as electron micrograph. 
A three dimensional image of rcmaj^bJe.auatity can be 
achiavod by modem versions called ‘ scanning electron

19.8 UNCERTAINTY PRINCIPLE ,
- - I .\ nod!

Position and momentum of aegdrtidq cannot both be 
measured simultaneously with perfect accuracy. There is 
always a fundarheniaH uncSrarnty assocuiled with any 
meayprfeipeota This gowrtafnly'i® not associated with tf*e 
measuring instrument. It is a consequence of the wave 
particle duality of matter and r&diafion. This was first 
proposed by Werner Heisenberg in 1527 and hence ts Known 
as Heisenberg Uncertainty Pnnciple. This fundamental 
unodrtalrrty'ls-'coi.ipweiy^WagiigibiadformeaiuiteiTlehls ofr 
position and momentum o fw ac/o stc^c objects but is a 
predominant fact of life in the atomid domain. For example, a 
stream of light photons scattering from a flying1 teflrilSbells

IW»|

E le c tro n  M ic ro s c o p e



hardfy affects its path, but one photon sinking an electron 
drastically alters the electron's mpjiofl, Since light has giso 
wave properties, we would expect to be able to determine the 
position of the electron only to within one wavelength of the 
light being used. Rend#. Htwder to observe the position 
electron with less uncertainty and also for minimizir
diffftttfd* I s f e 'J W 'r t O K i  M i f f " .........................
will alter

P m m M S i m 9 ^  » le»HB8fte'8toP
brem entis ?emiJairti

A x » X

At most, the photon of light can transfer all its momen/um 
9lgbnhq yfnisheonu gnieu 

I -  | to the micro particle whose ofwn^rv^pentum will then be

uncertain by an artfoufcPr • 20. f rf ^

0*.x20.r = 3A

: rr.e r  0lqm sx3
to beeqe eitl bluow ferlW  .(m  Vftrix  O .r )  euetoun ®d» to e jje  

Ax^ftJiW^>b&wewh'K-ed

The equation 19.19 is the mathematical form of cM8M^yftf9 
M W H to H  slates V m  the praM o H tyM A M riito  t^ho** uto 
pi^fWtapartjcfflcats.yneinetaittflMKiitoeiuaoerWrhB Vtle 
Ihe-.ix-soojpoeeniKpfofts. rsom^rttwe/ abrthensafrmsM*!**# 
approximately equals Plancfc^CJXWfthttehoonu giedneeleH

Th e re  is another form  of u n £ e r j^ t y  principlo which relates 
the energy of a particle a n d  the time at w hich it had the 
energy. If the A £  is the uncertainty in our knowledge of the 
energy of our particle and  ifjjjetiH&IViterval during w hich to  

A£  AT
the particle l « d  the e n e r g y ^ f - ^ r  then rf

:.A/*n
w o r t t o r JSSfr

For Your Information

Yo u  ca n  n a v w  accurately d o tc rb a  Ml 
aspects of a  subafeyric parttcto at 
ccco

it energy. auetoun

According to Heisenberg’s more careful calculations, he 
found that at the very best



A X .A p ih (19.21)

and A f.A f  2 h   (19.22)

where h =  1 .0 5 x1 0 MJs

W em er Karl Heisenberg received Nobel Prize for physics in 
1932 for the development of quantum mechanics.

E x a m p le  19.10: Th e  life time of an electron in an excited 
state is about 10* s. What is its uncertainty in energy during 
this time?

S o lu tio n :

Using uncertainty principle 

A E .A t «  h

^  h 1.05x10 *  Js  

Af 10 8 s 

A E  = 1 .0 5 x 1 0 'w J

E x a m p le  19.11: An electron is to be confined to a box of the 
size of the nucleus (1.0 x 1 0 M m). What would the speed of 
the electron be if it were so confined?

S o lu tio n :

Maximum uncertainty In the location of electron equals the 
size of the box Itself that Is Ax = 1.0 x 10 M m. The minimum 
uncertainty in the velocity of electron is found from 
Heisenberg uncertainty principle

Ap  m —
AX

or m A v . A

A v ,  h . . f f ” 10* *  - 1 . 1 5 x 1 0 -n .a -
mAx 9.1x10 k g x 1 .0 x 1 0  m

For confinement In the box. the speed should be greater than 
the speed of light. Because this is not possible, we must 
conclude that an electron can never be found inside the 
nucleus.
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e s m a v
• An inertial frame of reforonce is defined as a coordinate system in which the law of 

inertia is valid. A frame of reference that is not accelerating is an inertial frame of 
reference.

• The special theory of relatively treats problems involving inertial or non-accelerating 
frames of reference. It is based upon two postulates.

(i) The laws ofphysics are the same in all inertial frames. „ \  .
(ii) The speed of light in free space has the same value for all observers,

regardless of their state of motion.

• E=m c is an .mportant result of special theory of relativity

• A black body is a solid block having a hollow cavity within it. It has small hole and the * 
radiation can enter or escape only through this hole.

• Stephen Boltzmann law states that total energy radiated over all wave length at a • 
particular temperature is directly proportional to the fourth power of that Kelvin 
temperaturo.

• Tho emission of electrons from a metal surface when exposed to ultraviolet light is 
called photoelectric effect. The emitted electrons are known as photoelectrons.

• When X-rays are scattered by loosely bound electrons from a graphite target, it
known as Compton effect. « •

• The change of very high energy photon into an electron, positron pair is called pair 
production.

•
• When a positron comes dose to an electron, they annihilate and produce twa 

photons in the y -  rays range. It is called annihilation of matter.

• Position and momentum of a partide cannot both be measured simultaneously with 
perfect accuracy. There is always a fundamental uncertainty assodated with any 
measurement. It Is a consequence of the wave partide duality of matter and 
radiation. It is known as Heisenberg uncertainty principle.

g e s e ®

19.1 what are the measurements on which two observers in relative motion will always 
agree upon?

19.2 Does the dilation means that lime really passes more slowly in moving system or 
that it only seems to pass more slowly?

19.3 if you are moving in a spaceship at a very high speed relative to the Earth, would you 
notice a difference (a) in your pulse rate (b) in the pulse rate of people on Earth?
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19.4 if the speed of light were infinite, what would the equations of special theory of 
relativity reduce to?

,19.5 Since

... m a s s t h a n sit a  n bv *  ruhsm
19.6 As a solid is heated and begins to glow, why does it first appear red&nmetoi
19.7 What happens to total radiation from a blackbody if its absolute temperature is

doubled? ■'•»"«pnMovni*mutdow; • . yi•• •i.roitoyioerDisioeqaoflT •

19.8 A  beam of red light and VlJeamo^ fciue'tfght have exactlyl!^^melenergy. Which 
beam contains the grealqr ovtn^ber ofpbotons?, ■ ^fiqioawelerlT

19.9 Which photon, red. grew. or. blue;cacrie!Sflhe...(rK>%t f a h w y m  and (b) 
momentum? * "loetr.i 'iirtftoeaeib’6p9i

19.10 Which has the lower energy quanta? Radiowayes.qr X-rays #
19.11 Does the brightness of a beam of light primarily depends on the frequency of 

photonsoronthenurtlberbfphdtort's'7 1 ‘ *>[ ‘>ifo8 6aiYbod*.>GMA •
19.12 When ultraviolet light falls on c e r t^  dvps'ly'Sih^'light is eitttlpcf.jMv'iJod? this not 

happen when infrared light falls on these d^es? ^
9  • «t>oqqx5 ytjoenb .......: miuaoiBQ

19.13 Will bright light eject more electrons from a metal surface than dirpn^M«0hl of the
samecolour? OKt, mom e moil ?noi»ooi-. to ndT •

19.14 Will higher frequency light eject greater numberdf electrons than low frequency light?
19.15 When light shines on a surface, is momenturivtfdnsteWed to the metal surface? •
19.16 Why can red light be used in a photographic dark room when developing films, but a 

blue or white light cannot?
19.17 Photon A has twice the energy of photon B. What is the ratio of the momentum of A to

that of B? ’ °' »2<>to jomoo noitiioq >■ 'toriw •

19.18 Why don't we observe a Compton effect ̂ ith visittte figriW'' ' ,f1,n " l0,or1<1
19.19 Can pair production take place in vacuum^Ekpl^fh nuinemom bnsnoihao9 • 

19 20 Is it possible to create a single electron
19.21 If electrons behaved only Uke particles, tyha&palteoi would youexpecl on Ihe screen 

after the electrons passes through the double slit?
19.22 If an electron and a proton have the S8me de Broglie wavelength, which particle has 

greater speed?
19.23 We do not notice the de Broglie wavelength for a pitched cricket ball. Explain why?
19.24 If the following particles have the same'efteflflyT tfi? ̂ r f t^ ^ ^ b le n g th ?

Electron, alpha particle, neutron, proton. noqu
19.2.5 When does light behave as a wave? Wbeo doesrtbqfoiyq asa eadste'feeoa
19.26 What advantages an electron microscope has over-anoptlcaf mlcrolsedp&?i>
19.27 if measurements ^q w .a  precisejx>sitk)n for an

-xSbIIl" *
u q o r l j l w y m f e j e o n e i e l h b g eolkxi

aoo



19.1 A partide called the pton lives on the average only about 2.6 x 1(T* s wnen'at rest 
in the laboratory. It then changes to another form. How long would such a particle 
live when shooting through the space at 0 95 c? [Ans. 8.3 x 10'* s)

19.2 What is the mass A £ V j  k?m arTl&  QJ<QfVWKr»Aiveling at 0.8 c from us as 
measured from Earth? [Ans. 116.7 kg]
_  3 9 v i i3 9 [d 0  D n im B 9 .

19.3 Find the energy of photon in
(b) Radiowave of wavelengttv I00n»d !tiwalnebula 9<tj lelqcrO aid! 1o bnrt -<rti u
(c) GreenlightofwavelengtnSSOntnpoihyrt toeioBtleJnsrrmeqxewonX
(d) X-ray with wavelength 0?2hrff’.ooibyrl to aeMkiteoq *’irio8 edinesr

eV ]
did ihrfoatonoilBtoiqietnia’eheoia-ebodnoasO t>

19.4 Yellow light of 577 nm wavelertgtWl® mci4am on H cesium surface. Thai Stopping 
voltage is foupdjgb£0r25y> to nodiaoq pnibiepo’ ylmcl'oonu odito^eC Pi
(a) the M a xiineqtX ^lofthedhotootfetnona .notouboiq erU bnr.iaiahnU

aoteJa e(b)^f•^•logWMlcRmdloffofceWuW^sirne auoenetnoqa amiel eriJ edroeeO
Jioiainyni noilRlguoq bnR

QVfJ
19.5 X-rays of wavelengtli 22 pm are scattered f ^ ^ c b o p t t e f ^ r i  ̂ sca tte re d  

radiation being viewer] ^  r

bfiV 'ItoSton* ^ mP{9«?<*ttenr>g,opc3s
aobuionftfxJ m*. wevotengUi. oJ.men ci photoo, and, the wavelength of the scattered
(i) bellsaJbOlon fdrscarttflrmq angle cfffl»30t'(b46flf>«rnol6 yd beoubowj stioeqe to ybuH»

fidoeqaonihoetmowbt I t>ni[ AMP.**® &T#f1 (ft/) <»«*,Prtf'(#Y'f3'pm]

ASbBnilrVWteti is thernwxlfnerrf’wavelength of the twb photons.’produced when la positron 
m O o q ^ f f ib fe t d i?  e rt i»1# t * 6fcl?'T h $ f « f l  m a s s iS W W d N b e W O t f l W ^ u 3^  R*> « ?

Bitoeqa emi io  stew* otoaeiQ xr. on lotoiidDaTiIJnil afebm ,̂ S ^ 6 r"'m ]

19.8 Calculate the wavoiength of A 5 !T 0 3 9 3  O IM O T A  h.OS

.belioxetflbRtui^^^flafwWfftoviriQatjfWfflSfiri) &?.-• im tc iuoq6v x) asp oimol6 ns noriw 
rtoirtw .r^J3eqaf,rtjt6rilhMrt§ filtftdSWYte 4d&d *«t» ohtoele ne pniaaRq yd yllRnau
rtoua p r y y j & ^ d o - v y _ _ j^lr ^ .iipnetevRW oitoeqa nifiheo aniRtrw

m “ ° ' BOrrnptr-
rtoua p r u w j w d o J d S g r f ^ Q f i e w w w  ofloeqa rashes ar

M M

08rkn r
muilo-ir;.-oruUi. o: erlijRrIjnoefift1 |An8*1.12<j«rV0;fn»]

d M M ) Art eiectforv i s placed w  a box«bout the suJe ofmn ktoro matte abooi rWO X>t0 Hiff. 
2tnemeW»f^19»te9^Sr?bf mekfectrbr^ ertt .  t i R r t  tv  mb edt ni
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