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Unit-7Dual Nature of Matter and Radiation

1 Free Electron in a Metal:

In metals, the electrons in the outermost shell are loosely bounded. They move freely though
out the lattice of the metals called free electronics. However these electrons remain confined in the
lattice at ordinary condition. To remove these electrons from lattice we have to do some work, this

work done is called work function as.

The minimum amount of energy required to just eject out an electron from metal surface is called

work function and it depends upon Nature of metal.

The work function i1s measured in electron volts

2 Electron Volt:

One electron volt is the amount of kinetic energy gained by an electron when it is accelerated

though a potential difference of 1 volt.
Energy gain by electron = work done by electric field = eV
Or JIeV=16x10"1Yx1V=1.602x 1019
e This unit of energy is used in atomic and nuclear physics.

e Work function for platinum is highest (@5 = 5.65eV) and minimum for Cs(@, = 2.14).

llustration 1: The work function of silveris 5.26 x 1017 J . Calculate its threshold wavelength.

: . 5 h
Sol: For any metal to eject photo electron the work function of surface is given as ¢ = A—C
0

he _ 66x103*%3x 108

Threshold wavelength = dg ==~ =5

= 3.764 x 1077 m = 3764A°

lllustration 2: The work function of Na is 2.3 eV. What is the maximum wavelength of light that will cause photo
electrons to be emitted from sodium?

Sol: For any metal to eject photo electron the work function of surface is given as ¢ = :—L
0

The threshold wavelength Ay = % =5930 A°
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3 Electron Emission:

The process of ejection of a electron from a metal surface is called electron emission. It may be of

four types. 4 4 444

(i) Thermionic Emission:

When a metal is heated, then electrons of the metal get acquire sufficient N,

amount of thermal energy and reject out from the metal surface, this it

phenomenon is called thermionic emission.

(i)  Photoelectric Emission:

When light of suitable frequency (threshold frequency) is incidental on the w Lv

metal surface then electron ejects out from metal, this ejected electron is

called photo electron and the phenomenon is ‘called photoeleciric

emission.

(iii) Secondary Emission:

. . . . ; Highly Energetic Electron
When highly energetic electrons are incidentalon the metal surface then "

free electrons are emitted from the metal surface, this ejected electron is \\ ‘//—bmndm —

called secondary electron and the phenomenon of emission of electron

is called secondary emission.

(iv) Field Emission or Cold Emission or Cathode Emission:

When a high electron field is applied across the ends of a metal then free P 4 / /

electrons are emitted from the metal surface, this phenomenon of emission

of electrons is called filed emission.

High Potential
4 Hertz Observation™: Difierence

The phenomenon of photoelectric effect was discovered by Henrich Hertz in 1887.

He found that when the cathode was illuminated by the
ultraviolet light then high voltage sparks produces between the electrodes of the E
metal, which occurs due to ejection of e~ from the metal surface. Thus e~ are UV light
emitted when a light of sufficient high frequency is felled on the metal surface. This pf;é

is photoelectric effect.

£ 7
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5 Hallwach’s and Lenard’s Observation ™":

Hallwach observed that when a zinc plate 1s illummated with an ultraviolet light then
electrons are emitted from the zinc plates. Later Lenard observed that when a metal plate (emitter)
in a evacuated glass tube is illuminated with ultraviolet light then current flows between cathode
and anodes which remains till the ultraviolet light. They also observed that electrons emits up to a
certain frequency (threshold) below which no photo electrons are emitted. Thus Hallwach and

Lenard observation supports the phenomenon of photo electric effect,

6 Photoelectric Effect ™™P:

The phenomenon of emission of electrons from a metal surface when electromagnetic waves of

sufficient high frequency are incidental on it is called photoelectric effect.

Experimental Study of Photoelectric Effect:

Ircident LY Light Evacuated

Ouartz Tube
Quartz
Wfimdowr
Cathod
ode 44— — » I.o. ;

The experimental setup used to study the photoelectric effect is consisting of a vacuum tube

having two metallic electrodes A and C.

The electrode C emits photoelectrons when illuminated with UV light and anode collects the
electrons. The tube has a side window made of quartz through which the incident light enters into
the tube; it allows only passing UV rays through it and preventing visible light. The two electrons

are connected to a source of variable potential by which potential of A and C can be sat.
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(i) Effect of Intensity of Light on Photoelectric Current:

At constant frequency and potential difference the photoelectric A
current is directly of proportional to intensity of light. As the
number of photoelectrons emitted by cathode is directly Intensity

proportional to intensity of light.

>
Current
(ii) Effect of Potential on Photoelectric Current:

It is found that at constant intensity, the photo electric current is directly proportional to applied
potential difference up to a certain limit after that current becomes constant. This maximum

constant current called saturation current.

With increase in potential, K.E. of photo electrons increases. The maximum K.E. of photo electrons

must be equal to eV,

. 1
ie. Emvﬁm = eV,

1
Or -z-mvriax < V,

stopping
potential

» Thus maximum K.E. of photoelectrons depends

upon the potential difference between the plates.

Vg ! V

If anode is connected to.— ve terminal of the battery then

current decreases and at a certain —ve potential of plate A, the current becomes zero.
This potential at which current becomes zero is called cut off potential.

e Also we can see that maximum photo electric current depends upon the intensity of incident

radiations however the cut off potential is independent on intensity of light.
e Cut of potential depends on frequency of light.

lllustration 3: Calculate the value of the stopping potential if one photon has 25 eV energy and
the work function of material is 7 eV.

Sol: The stopping potential required to stop the photoelectrons to reach cathode is

_E—go _ (25-T)eV
- e - e

Vo =18V

(iii) Effect of Frequency on Photoelectric Current:
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7 Laws of Photoelectric Emission

It is found that at constant intensity when frequency is changed then in each case saturation
current remains constant i.e value of saturation

current is independent on frequency of light. 4
But for larger value of frequency the stopping
potential shifts toward more - ve anode.

Le with rise in frequency the K.E. of photo

electrons increases due to which we require more

potential to make current zero hence stopping v.(3)v.(2)v.(1)
o o o

potential increase with increase in frequency.

Retarding potential
When a graph is plotted between stopping potential v
and frequency of incident radiation then it.is a straight line not
passing through origin. This indicates a minimum value of frequency

at which stopping potential becomes zero i.e. no electron ejects out

=Y

from metal surface. This minimum frequency at which stopping /Yo

potential becomes zero is called threshold frequency.

m.imp,
-

On the basis of experimental study the following laws of photoelectric emission are given:

For a given material, there is a minimum frequency below which no photoelectric emission takes

places called threshold frequency.

The number of photo electrons emitted from cathode is directly proportional to the intensity of

light provide frequency is greater than threshold frequency.

The maximum kinetic energy of photoelectrons depends upon the frequency of light and is

independent on intensity of light.

The photoelectric effect is instantaneous process.

www.vartmaaninstitutesirsa.com 5




SANDEEP SONI’S PHYSICS COMPETITION CLASSES
VA RT M AA N (10+1, 10+2, IIT-JEE (Main & Advance), NEET, B.Sc. Agriculture, NDA)
ElN ST|‘|‘UTE— OPP: JHUNTHARA DHARAMSHALA NEAR SURKHAB CHOWK, HISSAR ROAD SIRSA
away to your bright future PH- 94676-12340, 8708535733

8 Failure of Classical Wave Theory:

e As according to wave theory of light greater is intensity of light greater is the amplitude of light
wave so more should be the K.E. of electrons but is found that depends upon frequency of

incident ray.

e According to wave theory the electron must be ejected due to intensity of light, it could not

explain the concept of threshold frequency.
e [t could not explain the spontaneous nature of photoelectric light.

9 Einstein’s Theory of Photoelectric Effect™™:

Einstein’s explained the phenomenon of photo electric effect on the bases of Planck’s
hypothesis. According to Einstein light is consist of photons of energy hv, When it falls on metal
surface, then some energy is used to eject out the photoelectron from the metal surface and

remaining energy provides the sufficient K.E to electrons

As hv = @, + %mvﬁm Here« @y = hv, = work function
1
= hv = higg + > MVjgr
1 4 9
Or > Mgy = hv — hy,
Or %mv?%ax =2 7 v

The above eq. is called Einstein’s photo electric equation.

Explanations of Law of Photoelectric effects:

e As from above eq. larger the frequency of incident radiation larger is the K.E of photo electrons.

e [fv <wy,then K.E = —ve which is not possible, hence no photo electric emission takes place
below threshold frequency.

e As electron absorb energy in from of certain packet so no delay in emission so process is
spontaneous.

e As larger the intensity of light more will be the number of photons falling on metal surface so
more electrons will emit from metal surface. Hence number of photo electrons emitted per

second 1s proportional to intensity of light.
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lllustration 4: A light beam of wavelength 4000 A is directed on a metal whose work function is 2 eV. Calculate the
maximum possible kinetic energy of the photoelectrons.
Sol: According to photoelectric equation the maximum kinetic energy of photoelectron after being ejected from

metalis KE = hv — ¢  Energy of the incident photon = %

19.8 x10~19
4% 1.6% 10719

Kinetic energy of the emitted electron KE = hv-¢ =3.09-2.00 = 1.09 eV
10 Particle Nature of Light- The Photon:

. Energy of the incident photonineV = = 3.09el;

As in case of photoelectric effect, the lights behave as a particle. Hence we may say that /ight

is consisting of discrete packets of energy called quanta or guantum. Each quantum having definite

energy and momentum is called photon.

Properties:

> A photon travel’s with a speed of light i.e 3.x 108m/sec;

» A photon has zero rest mass i.e mg = 0. [t means a photon cannot be in rest, it will move

5 m m VZ
with a speed vas m = —= = m =gl —=
i ¢

» If Ais the wavelength of photon or light and c is velocity of light then energy possessed by

photonis E = th The energy of photon is measured in ev.

» Photon travel in straight line.

» The velocity of photon is different in different mediums.
» Photons have no any charge so. it is neutral.

» Photon may show diffraction under certain conditions.
» It does not deviate in electric and magnetic fields.

» The linear momentum of a photonis P = mc = h?v = ;

» In a photon particle collision both K.E and linear momentum remains conserved.

lllustration 5: Determine the momentum of a photon of frequency 10° Hz.

hv 6.62 X103 x 107

Sol: The momentum of photonis p = — = T =22 x 1073kgm/s
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11 Photo cell or photoelectric cell ™:

A device which converts light energy into electrical energy is called photo cell or photoelectric cell.

It is also known as electric eye. A photo cell works on the Light
phenomenon of photoelectric effect. There are of three types of f‘““‘\r%\
photo cells: \_ZEI o
(i) Photo Emissive Cell:
i gmnmpliﬂer
It 1s consist of an evacuated glass bulb fitted with a photosensitive
metal cathode of cylindrical shape and an anode. When light fall on i1 | | o

cathode then electrons emits from it and move toward anode due to high potential difference and

constituent electric current.

(ii) Photo Conductive Cell:

It is based on the principle that conductivity of a semiconductor increases with increase in the

intensity of light. It is made of selenium.

<Juuugm
(iii) Photo Voltaic Cell: /7x
Cath / r \
It works on the principle that photo electric emission can develop (E"i::l\a ‘\*’“:d“::m
{ )
potential difference between suitable substances.
It consists of a glass tube or quartz tube fitted with two electrodes Hz::m
made up of photosensitive materials and 1s connected with high \ ff
tension battery and-a micro ammeter. When a light is incidental on the T .
cathode then electrons emits from it, which moves toward the anode
and constant electric current. As shown in fig.
e "
Application of Photo Cells: " l;
(i) It is used in automatic fire alarm: As in case of fire light
falls on cell due to which current flow in circuit connected to a alarm.
(ii) Automatic Burglar Alarm: In this case a photo cell is illuminated with a ultraviolet light

(invisible), When a burglar crosses the beam the emission of photo electrons stops and

alarm starts ringing.
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(111) Scanners: In scanners photo cells are used.

(iv) In cinema it is used reproduction of sounds.

(V) To control the thickness of a paper, a photo cell i1s used in paper industry.

(vi) To locate a hole in the finished good photo cell may be used.

(vii) In astronomy to analyze the intensities and temperature of style and heavy bodies photo

cells may be used.
(viii) It may also be used street lightning, photometry etc.

12 Wave Nature of Particle and De-Broglie Waves ™™;

According to De-Broglie, a moving particle may be supposed fo.associate with a wave called

De Broglie wave or matter waves.

Expression for De Broglie Wave:

As according to Planck’s quantum theory, the energy of photon of frequency v can be given
As E =hv.... .o oo . 800
And from Einstein’s mass energy relationship, the energy of photon of light of mass m is given

by E=mc?.. .. e N

From eq. (i) and (ii) we get . hv.= mc?
'y O S
Or e ( V= j»)
Or A=L
me

A

: : : h
For a material particle we may write A = —

The above eq. is called De Broglie wave equation for a material particle.

» The wave length of material particle is inversely proportional to its momentum.
» Ifv =o0then A = wi.e waves only associated with particle when it is in motion.
These waves are not electromagnetic waves but are matter waves.

This concept is application on only microscopic objects and fails on macroscopic objects.
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m.imp |
-

13 De Broglie Wavelength of an Electron

Suppose a potential difference v applied to a beam of electrons moving with kinetic energy is given

by cmy?=eV = my?=2eV
Or m?v? = 2eVm
Or mv = 2meV
Now from De Broglie relationship A= n?—v Or A= 2:161/

Here h=6.625x1073%, m=9.1x103Kg e =1.6%1077¢

6.625x10~34 12.27x10710
—1 )L = =
V2x9.1x1031x1.6x10717 VV
__ 1227488
Or 4 = N A

14 De Broglie Wavelength in Term of Temperature:

As we know the average K.E of electron or a particle may be given by %mvz = %K T

= mv’ =3KT
Or m =Sk TOr mv = V3mKT ... .. cee oo ()
: : h . .
Now from De Broglie wave relation. A = — Using eq. (il we get A= —
; 1
i.e A a T

Thus larger is the temperature-smaller will be the De Broglie wavelength.

lllustration 6: A body of 10 gm is moving with velocity 2 x 103 m/s. Determine the value of its associated de-
Broglie wavelength.

Sol: The de-Broglie wavelength associated with particle moving with speed v is calculated as

h 6.62 x10734

L I — -35 1
}l—mv TR R PETE 33 x 107 m Solo(p ord«

2k,

VE

lllustration 7: Determine the associated de-Broglie wavelength if the energy of a thermal neutron is 0.02 eV,
Sol: For neutron having kinetic energy K, the associated de-Broglie wavelength is found to be

h 6.6 x10734

-10
= == > —
VZmK 2x 1.6x 10727 x 0.02x 1.6 x10~19 2 10 m 2A

1=
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15 Davison and Germer Experiment(Experimental Verification of De Broglie Wave)

Use: Davison and Germer Experiment is used to perform the verification of De Broglie concept.

Construction and Working:

A beam of electron is emitted by

electron gun 1s made to fall on a nickel H.T.B.

crystal cut along a particular angle. Incident
; Electron Beam .
The scattered beam of electron is T /J“""'EC’““'

received by the detector which can be

positioned at any angle by rotating it

%_-.T_T‘ _____
about the point of incidence. The L .] ' :

Filament

energy of the incident beam can also e

eam

LT.B
be changed by applying a voltage to

Vacuum
the electron gun. Chamber

Theory:

—t

Davison and Germer found that intensity of scattered beam of electrons was different a

different angle of scattering.
The intensity of electron beamiis maximum at 50° and 54V potential i.e. 6 +50°+ 6 = 180°
Or 26 +50=130 = 260 = 130° Orf = 65°

It means when a beam of electron is incident on nickel crystal at a glancing angle 8 = 65°, the

sharp maximum is obtained at an angle 50°
Now from Broglie diffraction we get  dsinf = A4
Where d is inter -atomic spacing between atoms of nickel 1.e. d = 0.914°

= d 1=0091Xsin65°= 1.654°

; ; 1227 _ 227 5
And from Broglie hypothesis 4 = W T mE 1.67A

Since both the results are close to each other thus Davison and Germer experiment verify the

concept of De Broglie is wave particle dualistic.
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lllustration 8: Determine the potential to be applied to accelerate an electron such that its de-Broglie wavelength
becomes 0.4 A.

Sol: The de-Broglie wavelength of an electron in terms of accelerating potential difference is 1 = %
Here V is the applied potential on electron to accelerate it. 0.4 == %
2
Squaring on both the sides we get 0.16 = (1257) =>V= %j—? = V = 941.0V
Example 5: Find the de Broglie wavelength for an electron beam of kinetic energy 100 eV.
Solution: Kinetic energy of electrons: (E)x = %mv2
19
= Velocity of electrons: v = 1/ 2B _ \/2 L L 5.9x10°m/s
m 9.1x10°
Momentum: p =mv = 9.1x10'x 59x10°= 5.37x10% kg m/s
-3
= De Broglie wavelength: & = 8 = % =123x 10" m =123 pm
P 5.37x10
-: SOME IMPORTANT MCQ:-
1. The idea of matter waves was given by
(a) Davisson and Germer (b) de-Broglie® (c) Einstein (d) Planck
2. Wave is associated with matter
(a) When it is stationary (b) When itis in motion with the velocity of light only

(¢) When it is in motion with any velocity® (d) none of the above

3. If the de-Broglie wavelengths for a proton and for a o Particle are equal, then the ratio of their velocities will

(a) 4:1° (b) 2:1 (c) 1:2 (d 1:4
4. If particles are moving with same velocity, then maximum de-Broglie wavelength will be for
(a) Neutron (b) Proton (c) p-particle® (d) a-particle
5. The kinetic energy of an electron with de-Broglie wavelength of 0.3 nanometer is
(a) 0.168 eV (b) 16.8 eV (c) 1.68 eV (d)2.5eV
6. Davisson and Germer experiment proved
(a) Wave nature of light (b) Particle nature of light (c) Both (a) and (b) (d) ® Neither (a) nor (b)
7. The wavelength of the matter wave is independent of
(a) Mass (b) Velocity (c) Momentum (d) Charge®
8. The energy of a photon of wavelength A is given by
(@ Ah (b) Ach (c)A/he (d) hc/Ae
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9. The momentum of a photon of energy hv will be

(a) hv (b) hv / ce (c) chv (d)h/ v
10. The momentum of the photon of wavelength 50004 will be

(a) 1.3 x 10 %" kgm/sec* (b) 1.3 x 10 28kgm/sec (c) 4 x 10%%kgm/sec  (d) 4 x 10~ Bkgm/sec
11. Einstein got Nobel Prize on which of the following works

(a) Mass-energy relation (b) Special theory of relativity (c) Photoelectric equation ®*  (d) (a) and (b) both

12. When light falls on a metal surface, the maximum kinetic energy of the emitted photo-electrons depends
upon

(a) The time for which light falls on the metal (b) Frequency of the incident light®
(c) Intensity of the incident light (d) Velocity of the incident light
13. Electron are emitted in the photoelectric effect from a metal surface
(a) Only if the frequency of the incident radiation is above a certain threshold value®
(b) Only if the temperature of the surface is high
(c) At arate that is independent of the nature of the metal
(d) With a maximum velocity proportional te the frequency of the incident radiation
14. The number of photo-electrons emitted per second from a metal surface increases when
(a) The energy of incident photons increases (b) The frequency of incident light increases
(c) The wavelength of the incident light incrcases (d) the intensity of the incident light increases®
15. Photoelectric effect was successfully explained first by
(a) Planck (b) Hallwash (c) Hertz (d) Einstein®
16. The minimum energy required to remove an electron is called
(a) Stopping potential (b) Kinetic energy (c) Work function® (d) None of these
17. as the intensity of incident light increases
(a) Photoelectric current increases® (b) Photoelectric current decreases
(c) Kinetic energy of emitted photoelectrons increases  (d) Kinetic energy of emitted photoelectrons decreases
18. Which of the following is dependent on the intensity of incident radiation in a photoelectric experiment?
(a) Work function of the surface (b) Amount of photoelectric current ®
(c) Stopping potential will be reduced  (d) Maximum Kkinetic energy of photoelectrons

19. In photoelectric effect if the intensity of light is doubled then maximum Kinetic energy of photoelectrons
will become

(a) Double (b) Half (c) Four time (d) No change®
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20. When wavelength of incident photon is decreased then

(a) Velocity of emitted photo-electron decreases (b) Velocity of emitted photoelectron increases®

(¢) Velocity of photoelectron do not charge (d) Photo electric current increases
21. Quantum nature of light is explained by which of the following phenomenon

(a) Huygens wave theory (b) Photoelectric effect ®

(c) Maxwell electromagnetic theory (d) de-Broglie theory
22. Which of the following shown particle nature of light

(a) Refraction (b) Interference (c) Polarization (d) Photoelectric effect®

23. Photo-electric effect can be explained by

(a) Corpuscular theory of light (b) Wave nature of light ¢ (¢) Boht’s theory (d) Quantum theory of lighte®
24. in photoelectric effect, the K.E. of electrons emitted from the metal surface depends upon

(a) Intensity of light (b) Frequency of incident light ®

(c) Velocity of incident light (d) both intensity and veloeity of light
25. X-rays are in nature similar to

(a) Betarays (b) Gamma rays® (c) de-Broglie waves (d) Cathode rays
26. Planck constant has the same dimensions as

(a) Force x time (b) force x distance (c) force x speed (d) force x distance X time®
27. Two photons having

(a) Equal wavelengths have equal linear momenta . (b) equal energies have equal linear momenta

(c) Equal frequencies have equal linear momenta (d) equal linear momenta have equal wavelengths.®
28. Let p and E denote the linear momentum and energy of a photon. If the wavelength is decreased,

(a) Both p and E increase® (b) p increases and E decreases

(c) p decreases and E increases (d) both p and E decrease.
29. The equation E = pc is valid

(a) For an electron as well as for a photon (b) for an electron but not for a photon

(c) For a photon but not for an electron® (d) neither for an electron nor for a photon.
30. If the frequency of light in a photoelectric experiment is doubled, the stopping potential will

(a) Be doubled (b) be halved (c) become more than double® (d) become less than double.
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31. The frequency and intensity of a light source are both doubled. Consider the following statements.
(A) The saturation photocurrent remains almost the same.
(B) The maximum kinetic energy of the photoelectrons is doubled.®
(a) Both A and B are true. (b) A is true but B is false.
(c) A is false but B is true. (d) Both A and B are false.

32. A point source of light is used in a photoelectric effect. If the source is removed farther from the emitting
metal, the stopping potential

(a) Will increase (b) will decrease (¢) will remain constante® (d) will either increase or decrease.
33. When the intensity of a light source is increased, (more than one corrects)
(a) The number of photons emitted by the source in unit time increases®
(b) The total energy of the photons emitted per unit time increases®
(c) More energetic photons are emitted  (d) Faster photons are emitted.
34. Photoelectric effect supports quantum nature of light because
(a) There is a minimum frequency below which no photoelectrons are cmitted®
(b) The maximum kinetic energy of photoelectrons depends only on the frequency of light and not on its intensity®
(c) Even when the metal surface is faintly illuminated the photoelectrons leave the surface immediately®
(d) Electric charge of the photoelectrons is quantized.
35. If the wavelength of light in an experiment on photoelectric effect is doubled,
(a) The photoelectric emission will. not take place
(b) The photoelectric emission may.or may not take placc®
(c) The stopping potential will increase

(d) The stopping potential will decrcase.®
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