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DUAL NATURE OF RADIATION AND MATTER

Important Points:

1.

J.J. Thomson and Sir William Crookes studied tisetdrge of electricity through gases. At
about 0.01 mm of Hg and at high voltage invisiliteams called cathode rays are emitted.
J.J. Thomson called them “streams of negative cmipa”. Johnston Stony suggested the

name “Electron”. Thus the electron was discovered.

Photo Electric Effect:

When light of suitable frequency is incident oetal surface, electrons are emitted from that

surface. This phenomenon is called photo-electfece

The minimum energy required to remove a phototeladrom a metal surface is called work

function of the metal (W).

Einstein’s Photo Electric Equation

E=W+KE
1 5
hu=W+§mv

v —» Maximum velocity of emitted photoelectron

a. The minimum negative potential given to thelembr. At which photoelectric current

becomes zero is called stopping poterfgl.

The above equation can also be writterhas hu, +eV,
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Laws of Photo-Electric Effect:
a. This is instantaneous phenomenon

b. K.E,, is independent of intensity of incident radiatibout directly proportional to

frequency of incident radiation.

c. The photo electric current is independent efjfiency of incident radiation but directly

proportional to intensity of incident radiation.

d. The frequency of incident radiation of below threshold frequency of metal no photo
electrons are emitted.

De Broglie Hypotheses:

The waves associated with moving particles adedahatter waves (or) de-Broglie waves.
De Broglie predicted that the wavelength of theawes is given by
_h_h _ h _1229

AO
p mv 2mev W

Photon has both wave and particle nature. ltsmass is zero.

The wave nature of electron can be explained byd3am and Germer Experiment.
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Very Short Answer Questions

1. What are “Cathode Rays"?

A. Cathode rays are a stream of negatively chargdttlearproduced in a discharge tube at low

pressure about 0.001 mm of Hg and high potentitdréince abovelO KV.

2. What is the important fact did Millikan’s experiment establish?
A. Importance of Millikan’s Experiment:

Charge is always quantized. The charge on anycleais only an integral multiple of the

charge of the electron.

3. What is “Work Function”?
A. The minimum amount of energy required just to eggcelectron from the surface of a metal is
called the work function of the metal. It is genigrdenoted byg and measured in eV.

Work function.W, = hy, :% Wherey, is threshold frequency andj is Threshold

0

wavelength.

4. What is Photo Electric Effect?

A. Photo electric effect is the phenomenon of emissioelectrons by metals when illuminated

by light of suitable frequency.

5. Give examples of “Photosensitive Substances”. Wlare they called so?
A. Lithium, Sodium, Potassium, Cesium and Rubidium some examples of photo sensitive
metals, because the work function of these medalerny low and they are very sensitive even

to visible light also to emit electrons.
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Write down Einstein’s Photo Electric Equation?

Photon energy is utilized in two ways. Some parereérgy is utilized to remove the electron
from the metal surface (Work FunctiongiVand remaining part of energy appears as kinetic
energy of an electron.

Photon energy = work function + kinetic energy.

hu =W, +(%mu2j

Write down the de-Broglie’s relation and explainthe terms therein?

According to Louis de Broglie’'s hypothesis, every moving padialill have some wave

associated with it. They are called matter wavededBroglie Waves.
The ratio between the Planck’s constant and theendum of the particle is called De Broglie
Wavelength.

h_h

A=—=— Where v = velocity of the particle and h amik’s constant.
p nmv

State Heisenberg's Uncertainty Principle?

Heisenberg's Uncertainty Principle:
According to Heisenberg’'s Uncertainty Principlejstimpossible to measure simultaneously

both the position and the momentum of the particle.

Let AxandAp be the uncertainty in the simultaneous measuremoénthe position and

momentum of the particle, th&rAp=h; where h:2L andh = 6.63 x16034 J-s is the
T

Planck’s constantgl =1.05x 10**J - sey).
T
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Short Answer Questions

1. What is the effect of (i) Intensity of Light (i) Potential on Photoelectric Current?
A. (i) Effect of Intensity of Light:
The number of photoelectrons emitted per secondt@glectric current) is proportional to the
intensity of the incident radiation.
(if) Effect of Potential:
For a given frequency of incident radiation, thepging potential is independent of intensity of

the incident radiation. Hence the number of phetctebns emitted per second (photoelectric

current) is independent potential.

2. Describe an experiment to study the effect of équency of incident radiation on

‘Stopping Potential?
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When a monochromatic light of suitable frequenoyt the source S after being filtered by a
filter attached to a window W, fall on photosengtiplate C (emitter), photo electrons are
emitted these electrons are accelerated towamlscolector plate A .The emission of

electrons causes flow of current called photo dtecurrent in the circuit . Micro ammeter

measures photo electric current. The plate A camdiatained at desired positive or negative
potential with respect to emitter by using a batter

By taking radiations of different frequencies lmitsame intensity, the variation of photo

electric current with potential is shown in belovagh.
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From Graph:
1) The value of stopping potential is different fadiations of different frequencies.
2) Greater the frequency of incident light, gre@dehe stopping potential.
Vs >V, >V,
3) Value of saturation current depends on intgrigit not on frequency of radiation.
v and V, Graph:
1) For a given photo sensitive material, stopgotential varies linearly with frequency of
radiation.

2) For a given photo sensitive matetiaere is certain minimum cut off frequency for
which stopping potential equal to zero.

Vo 4

Metal A Metal B

V>V v> v

»
0 " Vo

Sincey, >u,, the threshold frequency is more for metal B tfmmmetal A.

3. Summarize the photon picture of electromagneticadiation?
A. Photon picture of Electromagnetic Radiation:

() In interaction of radiation with matter, rad@t behaves as if it is made up of particles called
photons.

(i) Every photon has energg=hv and momenturrp:h—cv and C is the speed of light.

(i) All photons of light of particular frequencyand wavelength have same energy and
momentum irrespective of the intensity.

(iv) Photons are electrically neutral and theyraoedeflected by electric and magnetic fields.
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(v) In a photon - particle collision, the totalezgy and total momentum are conserved. But the

number of photons may not be conserved.

What is the de Broglie wavelength of a ball of ass 0.12 kg moving with a speed of

20 m/s? What can we infer from this result?
m = 0.12 kg; v =20 m/s

34
A =L=m= 2.7625¢ 10%*m

mv  0.12x 20

The de Broglie wavelength of a ball is abaQt® times the size of proton.
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Long Answer Questions

How did Einstein’s Photoelectric Equation explai the effect of intensity and potential on
photoelectric current? How did this equation accoun for the effect of frequency of

incident radiation on stopping potential?

Einstein’s Photoelectric Equation:

According to Einstein, when a photon strikes agctebn, then its entire energf€hv) is
utilized in two ways.

(i) A part of incident energy is used to just jeat an electron from the surface called the work

function (g ) of the metal.

(i) Remaining part of energy is converted askimetic energy of the ejected electron.
1 5
Ohu=gq, +§mv

Effect of the Intensity:

For a given frequency of intensity of light, thasesaturation photocurrent. This saturation

photocurrent is proportional to the intensity o tight.

- Photocurrent

Intensity of light is proportional to the numbdrmhotons per unit area per unit time. Greater

the number of photons, greater the photoelectrdos ¢>v,). Hence photocurrent is
proportional to the intensity of light.

Effect of Potential:

For a given photo metakgf= constant), the kinetic energy of the ejectedtad@cdepends on

the frequency of incident light. Greater the freqgye greater the kinetic energy. The value of
the retarding potential difference to be appliethieen the surface of a photosensitive plate and
the electrode of the collector, which is just &t to stop the most energetic photo electrons

is called stopping potential. The stopping potérdiacut off potential (\) is measure of the

maximum K.E. of the emitted photoelectrons.
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The value of stopping potential difference is ipeledent of the light intensity. Stopping
potential (\g) is proportional to the frequency of incident &tdn. Higher the frequency,

larger the value of stopping potential, as showfiguare.

Describe Davisson and Germer experiment. What dithis experiment conclusively prove?
Davisson and Germer Experiment:

The wave nature of electron was first explainedDavisson and Germer Experiment. They

observed diffraction effects with beams of elecérepattered by crystals

e 1 2

H.T. ’
F A . FElectron Beam [|__ 1 Nickel
—3— — ! e e £« Target

| I —| -|

J— o\

<«—Electron — A
L.T. gun - \

o /
P Diffracted | vacuum
Movable — 5 electron Chamber
collector 1 beam
To galvanometer

The experimental arrangement is shown in the &guir consists of an electron gun with a

tungsten filament ‘F’ coated with barium oxide ameated by a low voltage power supply.
Electrons emitted by the filament are accelerabeal desired velocity by a suitable high voltage
power supply. These are passed through a cylindbrfime holes along its axis, to produce a
collimated beam. The electron beam is made todialthe surface of nickel crystal and are
scattered in all directions by the atoms of thestaly The intensity of the electron beam
scattered in a given direction is measured by teetren detector (collector).The detector can
be moved on a circular scale and is connectedsenaitive galvanometer, which records the
current. The deflection of the galvanometer is prapnal to the intensity of the electron beam

entering the collector. The apparatus is enclas@e evacuated chamber.
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By moving the detector on the circular scale #edent positions, the intensity of the scattered
electron beam is measured for different valuesngfiea of scattering(®) which is the angle
between the incident and the scattered electrom&edhe variation of intensity (I) of the

scattered electron with the angle of scatte(@gis obtained for different accelerating voltages.

For the range of voltages 44V to 68 V, it was cedi that a strong peak appeared in the
intensity (I) of the scattered electron for an #&e@ding voltage of 54V at a scattering
angled =50°. The appearance of the peak in a particular dmeds due to the constructive
interference of electrons scattered from differayers of the regularly spaced atoms of the

crystals. The de-Broglie wavelength' associated with electrons,

_h_1.227

p W

From the electron diffraction measurement, the elength of matter waves was found to be
0.165nm

nm For V =54 volt, A =0.167m
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PROBLEMS

1. Find the: (a) Maximum Frequency and (b) MinimumWavelength of X-rays produced by
30kV electrong?

A @) V=T

_1.6x10"x 30x 10
6.63x 10

=7.24x 10°Hz

¢ _ 3x10
(b) Ao = T 2410

max

=0.0414x 10°m

= 0.0414 nm.

2. The work function of cesium metal is 2.14 eV. W4n light of frequency 6 x 184 Hz is

incident on the metal surface, photoemission of el&ons occurs. What is the
(a) Maximum kinetic energy of the emitted electros,

(b) Stopping potential and

(c) Maximum speed of the emitted photoelectrons?

A.  Work function of cesium metap = 2.14 eV

Frequency of light= 6 x 1014 Hz

(a) Maximum kinetic energy of emitted electrons (Eamsts photo electric equation)

KE, =hu-g, = (6.63x1634x6x10L4) J - 2.14 ev

_ (6.63>< 10%x & 16

Tex 107 jev -2.14V = 0.35 eV

(b) Let stopping potential beg/

But, KEnhax=¢eWo

0.35eV =g\ Vg=0.35V.
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(c) Maximum kinetic energy KRax= %mvfnax

0.35 e\é e

(Where, yhaxis the maximum speed and m is the mass of elgctron

0.35< 2 1.6« 10° _ ,

r =
O 9.1x10* Vi

Or Max= 344.8 km/sec

3. The photoelectric cut-off voltage in a certainx@eriment is 1.5 V. What is the maximum

kinetic energy of photoelectrons emitted?
A. V, =1.5/
K, . =€V, =1.5V
=1.5x1.6x 10'J

=2.4x 10"

4. Monochromatic light of wavelength 632.8 nm is mduced by a helium-neon laser. The
power emitted is 9.42 mW.
(a) Find the energy and momentum of each photon ithe light beam.

(b) How many photons per second, on the averageyiae at a target irradiated by this

beam? (Assume the beam to have uniform cross-sectjowhich is less than the target
area).
(c) How fast does a hydrogen atom have to travat iorder to have the same momentum

as that of the photon?
A.  Wavelength of monochromatic lightA = 632.8 nm =632.8 x 19m

Power = 9.42 mW = 9.42 x ®W

34
a) Energy of each photon, E= == XX 10_ 51441019
(@) E f h oh EhC 6.63x10 a

A 632.8x 10

We know that momentum of each photon, %z
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34
pg% =1.05 x 1617 kg-m/s
632.8x 10
(c) Momentum p = mv
27
Velocity of hydrogen atom, v 2= 1'05x—1027: 0.63 m/s
m 1.66x10

~[m = 1.66 x 1627 kg (mass of electron)]
(b) Let n be the number of photons per second. So,

3
n= Power = 94210 _ 54 106 photonis

Energy of each photc ~ 3.14x 10%°

The energy flux of sunlight reaching the surfacef the earth is 1.388< 16wm?. How many
photons (nearly) per square metre are incident onhie Earth per second? Assume that the

photons in the sunlight have an average wavelengtf 550nm?

P:n_Ejn:E
t E

1.388x 10x 556 10x 1

Un =3.8x 10"
6.63x 10* x 16

In an experiment on photoelectric effect, the spe of the cut-off voltage versus frequency

of incident light is found to be 4.12x 10*vs Calculate the value of Planck’s constant.

ﬂ =4.12x 10™Vs
Av

e=1.6x10%C
Planck’s constant,

h :ﬂ.e: 4.12x 10 1.6 10°
Av

=6.592x 10**Js
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7. A 100 W sodium lamp radiates energy uniformly irall directions. The lamp is located at
the centre of a large sphere that absorbs all theodium light which is incident on it. The

wavelength of the sodium light is 589 nm?
(a) What is the energy per photon associated witthe sodium light?
(b) At what rate are the photons delivered to thesphere?

A. Power of lamp, P =100 W
Wavelength of the sodium lighta = 589 nm = 589 x 18 m.
Planck constant h = 6.63 x B3 J-s.
(a) Energy of each photon

hc_ 6.63x10%x x 16

E=—= (c=3x18 m/s)

:T 589x 10°
-3.3a619) = %ev =2.11eV.
(b) Let n photons are delivered per second
Power (From P = En)

n=
Energy of each photc

100

33810° 3 x 10 photon/s = 3 x 14P photons/s are delivered.

8. The threshold frequency a certain metal is=3.3x 16Hz . If light of frequency =8.2x 13*Hz.
is incident on the metal, predict the cut of voltag for photoelectric emission. Given

h=6.63x 10*'Jsande= 1.6 10°C
A. v, =3.3x10"Hzy= 8.% 16HzV, =

Maximum K.E. of a photoelectron is

eV, =hv-hy,

_6.63x10%x( 8.2 3.px 10
1.6x 10"

=>2.03V.
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9. The work function for a certain metal is 4.2 eV.Will this metal give photoelectric

emission for incident radiation of wavelength 330 m?

Work functiongg =4.2eV =42x1.6x1893=6.72x 109

Wavelength of radiationp = 330 nm = 330 x 8 m
If the energy of each photon is more than the woition, then only the photoelectric emissioesgblace.

Energy of each photon

= =6.027 x 16197,

E 9
330x10

e _ 6.6310%x & 10
M

As the value of energy of each photon, E = 6.020:9 J is less than the work function,

@®=6.72 X 16193, So, no photoelectric emission takes place.

Light of frequency 7.21 x 184 Hz is incident on a metal surface. Electrons witha

maximum speed of 6.0 x 1@ m/s are ejected from the surface. What is the thehold

frequency for photoemission of electrons?
Frequency of light, v = 7.21 x 1§ Hz

Mass of electron, m = 9.1 x /& kg.

Maximum speed of electronsyjax= 6 x 1 m/s.
Let v be the threshold frequency.

Use the formula for kinetic energy

KE 2mv2_ =hu-hu,
2

ie., %XQ.lx 10%x 6 16x & 16= 6.63 x 1034 (v - v )
21
or v-gy= SO0 _ 5 47 x 184
2x6.63¢ 10
Or y=7.21x184-2.47 x184=4.74 x 1864 Hz. (v=7.21 x 14 Hz)

www.sakshieducation.com



www.sakshieducation.com

11. Light of wavelength 488nm is produced by an amn laser which is used in the
photoelectric effect. When light from this spectralline is incident on the cathode, the
stopping (cut-off) potential of photoelectrons is B8 V. Find the work function of the

material from which the cathode is made?

A. 1=483m= 488 10°mV, = 0.38

From Einstein’s photoelectric equation,

Kmax = 1rnvfnax = hV_WO
2
Or
hc
eVO = 7 _WO
hc
0 W, ==5-eV,

_6.63x 10* x X 10

2885 10° -1.6x 10" x 0.3¢
X

=3.468x 10*°J
Or

W, =3.47x 10" = 2.18&V

12. Calculate the (a) Momentum and (b) de Broglie avelength of the electrons accelerated
through a potential difference of 56 V?

A.  Potential difference, V =56 V
(a) Use the formula for kinetic energy
eV = 1/2 fwv
2eVim 2v

2eV
m

%
Where, m is mass and v is velocity of electron.
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Momentum associated with accelerated electron,

p=mvm |2 = [2eVm= [2x1.6x 10°x 5& & 10"
m

= 4.02 x"24 kg-ml/s.

(b) de-Broglie wavelength of electron,

_12.27° _ 12.27_

= A= 0.164 x 168 m = 0.164 nm.
N

A

- e C

What is the (a) Momentum, (b) Speed and (c) d&roglie Wavelength of an electron with
kinetic energy of 120 eV?

Kinetic energy = KE = 120 eV

(a) Momentum, p /2evm = /2KE.m and e = 1.6 x 185C (- KE=eV)

=/2x120x 1.6 10°x 9.& 10" = 5.88 x 1624 kg-m/s.
(b) We know that momentum p = mv

24
or v=pim =210 _ 5516 ms.
9.1x10

(c) de-Broglie wavelength associated with electron,

12270 12.27°

A= A= A =0112x1Fm =0.112 nm.
NVERNTY

The wavelength of light from the spectral emissn line of sodium is 589 nm. Find the
kinetic energy at which (a) An Electron and (b) A eutron would have the same

de-Broglie wavelength?
Wavelength of light 589 nm = 589 x fom

Mass of electron g= 9.1 x 1031 kg.
Mass of neutron g= 1.67 x 1627 kg

Planck’s constant h = 6.62 x84 J-s.

_h
2KEm

e

(a) Using of formula, A=
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Kinetic energy of electron,

h? (6.63x10* ¥ o5
KE= = =7.03 x104°J.
& 2%m,  2x(589¢ 10° ¥x 9.x 10"
(b) Kinetic energy of neutron
2 34
kEs N = (6.63<107 Y = 3.81x 1628,

22m,  2x(58% 10° §x 1.66 10

What is the de-Broglie wavelength of
(a) A bullet of mass 0.040 kg travelling at the sged of 1.0 km/s

(b) A ball of mass 0.060 kg moving at a speed of0lm/s and

(c) A dust particle of mass 1.0 x 18 kg drifting with a speed of 2.2 m/s?
Mass of bullet m = 0.040 kg and speed of bullet1000 m/s

(a) de-Broglie wavelength

*~m=0.04kg
_h _ 6.63%10% ~
A 0.040< & 10 v=1kmis
m .
v =1000m/

=1.66 x BP m.

(b) Mass of the ball, m = 0.60 kg and speed of the bat 1 m/s

www.sakshieducation.com



16.

17.

www.sakshieducation.com

An electron and a photon, each have a wavelehgtf 1.00 nm. Find
(a) Their momenta,
(b) The energy of the photon and

(c) The kinetic energy of electron.

Wavelength of electron and photon,= 1 nm = 169 m
(a) Momentum of electron,

34
p,==00%10" _ 6 63x 1025 m (h = 6.63 x 164 Js)

Y 107
Momentum of photon,

34
D _h_6.63%10" _ 6.63 x 1629 m.

(b) Energy of photon,

4
c_hc_6.6%10"x 3 10

A 10°x1.6x10%

_19.86x 10"

Lox10% eV =1243 eV or E = 1.24 keV.

(c) Energy of electron,

P, (6.63< 10” ¥

= = eV=1.51eV.
2me 2 9.k% 10"x 1.8 1I0°

(a) For what kinetic energy of a neutron will he associated de-Broglie wavelength be

(b) Also find the de-Broglie wavelength of a neutin, in thermal equilibrium with

matter, having an average kinetic energy of (3/2)kat 300 K.

(a) de-Broglie wavelengthi=1.40x 10" r

Mass of neutron, gi= 1.675 x 1627 kg

Using the formula, wavelength associated with tkenenergy
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A=
A 2MmKE
2 34
or k= (6.63% 10* ¥

22m,~ 2x(1.40x 10° §x 1.678§ 107

= 6.686 x2bJ.
(b) Kinetic energy associated with temperature

KE :ng:g(l.s& 10% % 30(= 6.21 x 1021 J.

( Absolute temperature T = 300 K and Boltzmann'sstant k = 1.38 x 183 J/K)

KE =6.216821)

De-Broglie wavelength associated with kinetic gyer

r=—
J2mKE
34
A 6.6310 = 1.45x1010m = 1.45

[2x1.675 107 x 6.2% 16"

18. Show that the wavelength of electromagnetic raation is equal to the de Broglie
wavelength of its quantum (photon)?

A. For a photon,

De Broglie wavelength) :%[

For an electromagnetic radiation of frequency & wavelengthi'(=c/v),

Momentum,P:E:m
C
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Thus the wavelengthh' of the electromagnetic radiation is the same a&s db-Broglie

wavelengthi of the photon.

What is the de-Broglie wavelength of a nitrogemolecule in air at 300K? Assume that the
molecule is moving with the root-mean-square speedf molecules at this temperature?

(Atomic mass of nitrogen=14.007& k = 1.3& 16°JK™
Mass ofN, molecule,
m=2x14.0076< 1.68 18'kg

=46.5x 10°'kg

T=300K
O A= h
3mKT
6.63x 10*

= m
J3x46.5¢ 107 1.38 13°x 300

=0.0276¢x 10°m= 0.028m
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