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Quantum theory is the foundation of Modern Physics. At the smallest scales, the classical laws
for real cases no longer apply, so quam;um phymc_'s explains the nature and behaviour of matter
and energy at the atomic and suhatnfmt levels. Quantum physics is the branch of physics that
studies the behavior of matter and energy at the atormic and subatomic level. In this realm, the
rules of classical physics are replaced by strange and counterintuitive phenomena. Quantum
physics is not just a curiosity, but has led to countless technological innovations, from
transistors and lasers to computer chips and medical imaging.

In this chapter, we'll study the fundamental principles and fascinating concepts of quantum
physics that help us in exploring our universe.

2% .71 ELECTROMAGNETIC WAVE

in 1864, the British physicist James Clerk Maxwell made the remarkable ideas that accelerated
electric charges generate linked electric and magnetic disturbances that can travel through
space, as shown in Fig. 21.1. These electric field (E) and magnetic field {B) can sustain each
other, forming an electromagnetic wave that propagates through space with speed about 3x10®
m s'. The direction of propagation is the direction of the vector product E = B. Electric and

magnetic components of an electromagnetic wave are perpendicular to each other and to the
direction of motion.

Figure Z1.1: A, pair nf electric (red) and magnetic (blue) fields, propagating together as an
electromagnetic wave in the direction indicated by the arrow at the speed of light.
Visible light emitted by the glowing filament of light bulb is an example of electromagnetic
wave. There are many other waves which are electromagnetic in nature, e.g. radio waves,
microwaves, infrared, ultraviolet, x-rays, and gamma rays, as shown in Fig. 21.2.

750 nm Red Crange Yellowr Gresn Blue Indigo
Figure 21.2: Electromagnetic radiation spectrum. -

Vickst 390 nm
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The visible wavelength spectrum of etectrhrnnﬁnetiﬁ wave lﬂs in between 750 nm (Red) and
390 nm (Violet). The electromagnetic wave travels through vacuum or through any specific
medium from one point to another point depending on energy.

Plank's Quantum Thﬂpry

Planck's guantum tt'mry is the fundamental theory of guantum mechanics. In 1900, Plank
studied the electromagnetic radiation emitted from different atoms and molecules, and

proposed a theory which was in complete agreement with experiments at all wavelengths.
According to this theory:

1) Different atoms and molecules can emit or absorb energy (E) in discrete amount only, which
is given by:

E=n hf (21.1)

Heren=1, 2, 3, .... is called quantum number, h = 6.626x10™™ J s is the plank’s constant and
f is the frequency of the radiation.

The energies of the molecules are said to be quantized, and the allowed energy state are called
quantum states. Atoms or molecules emit or absorb energy only by jumping from one guantum
state to another.

Z2) The smallest amount of energy that can be emitted or ahsurbod ‘in the form of
electromagnetic radiation is known as quantum {plura.l qumta]. o o

The development of Plank's theory gave thu- hirﬂ‘i 'I:n i;he mmtm Physir."_'t

Example 21.1: What is the frmynfqphmwimnnnﬂwhﬁﬁanw
Given: Energy of Photon = E = M..‘:Iav « 656.3 x 1.6 x 10 J
To Find: Frequency = f =2 [/

Solution: uiingmeecp.lhmn: E = hf
E_66.3x1.6x 107'*
f= — = 1.6 x 10" Hz
aei h ~ 6.63x 102 x

Assignment 21.1
What will be the photon energy for a wavelength of 5000 angstroms, if the energy of a
photon corresponding to a wavelength of 7000 angstroms is 4.23 x 10" J7

21.2 PHGTGELECTRIC EFFECT

The word photoelectric is the combhatiun of two words Photo; means l1ght and electric; means
electron, it means that this process defines the interaction between photon and electron.

[ECMaUMInformation, |
Photoelectric effect is the process of emitting the electrons from The first discovery of the

the metal surface when the metal surface is exposed to an photoelectric effect was

electromagnetic radiation of sufficiently high frequency. n:ade b¥| Hertz, who was
also the first to produce the
The emitted electrons are called photoelectrons because they  glectromagnetic WavEs

are liberated by means of light. Ve ' predicted by Maxwell.
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The setup to observe the qhatn-elea:’tﬂc |
effect is shown in Fig. 21.3. An evacuated,

glass tube contains a metal pl'a'i:é connected
to the negative r.emﬂnnh of 'a battery.
Another metal plnu is maintained at a
positive potential by the battery. When the
tube is kept in dark, the ammeter (A) shows
zero reading, indicating that there is no
current in the circuit. However, when light
of the appropriate frequency falls on the
metal surface, a current is detected by the
ammeter, indicating a flow of charges across
the gap between the metal surface and the
detector. The current associated with this
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Figure 21.3: Schematic diagram of photoelectric
effect setup.

process arises from electrons emitted from the negative plate and collected at the positive
plate. Ultraviolet light is required in the case of emission of electrons from an alkali metal.

Effect of Applied Voltage on Photoelectric Current

A graph of the photoelectric current
versus the potential difference (V)
between the metal plate and the
detector for different light intensitiesis

shown in Fig. 21.4. It can be nuted frum.__ AL

the graph that:

The current increases as tl‘m- mdident
light intensity inr.'runkas

For large values of V, the current
reaches a maximum value,
corresponding to the case where all
photoelectrons are collected at
anode (detector).

Thus, brighter light of constant
frequency causes an increase in current
{maore electrons ejected) but does not

~current

| — A
"

e

-

-=+— Retarding potential

:

Vg +
Anode potential V¥ —

o

Figure 21.4: Graph of the pﬂmtneiectdccm‘nnt.
versus the potential difference.

cause the individual electrons to gain higher energies. It means that the maximum K.E of the
electrons is independent of the intensity of the light. Classical physics says that more intense
light has larger amplitude and thus delivers more energy. That should not only enable a larger
number of electrons to escape from the metal; it should also enable the electrons emitted to

have more K.E.

When V is negative (i.e. when the battery in the circuit is reversed) the photoelectrons are

repelled by the negative plate. Only those electrons having a K.E greater than “eV" will
reach the detector, where ‘e’ is the charge on electron:

If V is greater than or equal to V., called the stopping pntenﬂnl no electrons will reach the

detector and the current will be zero. The stupping potential is independent of the radiation
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intensity. The maximum K.E of the pr'ntmlﬂctrmts is m-lnned to the stopping potential
through the relation.

KE....;q-evh AU @1.2)
Effect of Intensity of Incident Radiation on Photoelectric Current

If the frequency of the incident radiation and the potential
difference (V) between the cathode and the anode is kept
constant and the intensity of incident radiation is varied,
then it is found that the photoelectric current increases
linearly with the intensity of incident radiation, as shown in
Fig. 21.5. 5Since the photoelectric current is directly

proportional to the number of photoelectrons emitted per
second, so it implies that: intensity of l:ht

The number of photoelectrons emitted per second is m:ﬁ: :.:E:t arwrih._:

proportional to the intensity of incident radiation. Intensity of light.
Effect of Frequency of Incident Radiation on K.E of Photoelectrons

The maximum K.E of photoelectrons depends on the frequency of the incident radiation, as
shown in Fig. 21.6. If the incident light is very dim (low intensity) h-ut hiih frequency electrons
with large K.E are released. Classical physics ‘ K-E -

gives no explanation for the freqmncy' ~ A0
dependence. AL L Wi K.Easx=—2
For a given metal, there is a threshnld freqmm:y'
“fa’ below which no electrons are emitted, how slope = h
intense the incident Hﬁht- 'may be. Classical
physics has no explanatiun for the frequency
dependence. -

-
Work Function {(d) — P L
The minimum amount of energy required t© Figure 21.6: Plot between K.E of

escape the electron from metal surface 1s known photoelectron and frequency of incident
as the work function (@) of the substance. light.

Photon (Quantum) Theory of Photoelectric Effect

In the year 1905, Albert Einstein reinterpreted Planck’s theory to further explain the
photoelectric effect. Basically, Planck’s work led Einstein in determining that light exists in
discrete quanta of energy, called photons.

According to Einstein, the emission of photoelectron is the result of the interaction between a
single photon of the incident radiation and an electron in the metal. When the photon's energy
(E=hf) is transferred to an electron in a metal, a part of its energy (@) is used by the electron
to break away from the metal and the rest appears as the maximum K.E of the electron. 1 1.e.,
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E=® + K.Emax ";ui'iu'
This is called Einstein's phntoelnctﬂc equation. Here, ®=hf, is the work function.

Wwhen K.E of the photoelectron is zero, the frequency 'f" is equal to threshold frequency f..
hence the Einstein's photoelectric equation becomes:

hfu = m
Hence, we can also write Einstein’'s photoelectric equation as;
K.Emax = E - hf,

= IfE <= @, there will be no photoelectric effect.

« If E = @, the photoelectric effect occurs, but the kinetic energy of the expelled
photoelectron is 0.

= If E > @, the photoelectric effect will occur and the expelled electron possesses kinetic
energy.

There are so many practical utilizations of photoelectric effect; for example, photocells,
photoconductive devices, and solar cell, etc.
Example 21.2: A metal whose work function is 4.2 eV is irradiated by radiation whose
wavelength is 2000 A. Find the maximum kinetic energy of grrﬁtted ets:ctrun.
Given: Work function =® = 4.2 eV = 4.2 x 1 ﬁ:,-c 10"JH5»?‘11¢ 1&“.1

Wavelength of radiation = _A = Zﬂﬂﬂ .ﬁ IIIH.'I x ’10‘"‘ e 2 x 107 m
To Find: Maximum kinetic energy H E.‘“ L

Solution: By Einstein s prlnq:m-lﬂctﬁc equatinn. K.Emax = hf - @
or g K Em = T == '-'b
- T a
Putting values, we get: K.Emax = 5.69 x 10" x3 %10 —6.72 x 107" = 2.10145 eV

2 x 1077
Thus, maximum kinetic energy of emitted electron is 2.015 &V.
Assignment 21.2

Radiation of wavelength 3000 A falls on a phocoelestric surface for ‘which work function is
1.6 2V. What is the stopping potential for smitcad zlectron?

21.3 COMPTON'S EFFECT

Arthur H. Compton in 1923, conducted an experiment in which .he m-ar.le incident a I_:eam of X-
rays of wavelength A, on a block of graphite. He found that the scattered X-rays had a slightly
longer wavelength A® than the incident X-rays, as shown in Fig: 21.7. The amount of energy

reduction depended on the angle at which the X ms were ml:temd This phenomenon is
known as Compton's effect. |

Mational Beck Poundation | @ 21-Quantum Physics




Compton’s effect is the phenomenon where l-ray's rays scatter off electrons, transferring energy
and momentum, and increasing the wawﬂength of the scattered radiation.

The change in wavelength .ﬂ.’ﬁ, between a scattered X-ray and an incident X-ray is called the
Compton shift, VA

In order to explain "Ehis aﬂ'ect. Compton
assumed that if a photon behaves like
' particle, its collision with other particles is
similar to that between two billiard balls.
Hence, both energy and momentum must
be conserved. If the incident photon
collides with an electron initially at rest,
the photon transfers some of its energy and
momentum to the electron. Consequently,
the energy and frequency of the scattered
photon are lowered and its wavelength
increases.

By applying conservation of energy, we
have

Figure 21.7: Compm's Effect.

hf - K‘E + hfr __ {‘21‘*4} _.-
Here, “hf™ and “h ' ™ represent the ene nf the incident and scattered photon, respectively,
K.E is the kinetic energy given to the recm m ele-n:tmn By applying conservation of momentum,
we have: )
= Po |+ p (21.5)

Where p_,and p’ repre qts.thﬂ momentum of scattered photon and recoiling electron.
According to classical electromagnetic theory, EM waves carry momentum of magnitude E/c,
where E is the energy of waves and c is the speed of light. Thus, the momentum of a photon is

_E_hf _h  (21.86)

c L= A
Take the incident photon's direction along the x-axis, we can write the Eq. (21.6) in components

as:

Along x-axis ; = p, cosD + %cnsﬂ (21.7)
Along y-axis 0= —p,sin® --% sing@ __{21.B)
From Eq. (21.6), (21.7) and (21.8), Compton derivid the following relationship
h
[ e | S i A =——(1—cos8 21.9)
Y = (1-cos®) or 5 ( ) (

The guantity = 0.00243 nm is constant and is known as the Compton wavelength because

it has the dimension of a wavelength. It is cleared from this g!prEﬂinn'.tl'mt Compton’s shift
depends only on scattering angle. Since (1- ﬂqsﬂ}'lk atways positive thus A’ > A. Compton’s
shift does not depend upon; wavelength of incident photon and nature of scattering material.
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Example 21.3: An X-ray of 0.20 nm is 1m:ldint unn a tnvg-t whm: is the Compton shift that
can be expected at a 4577

Given: A =0.20 nm B 45’"
To Find: AN-A=?
Solution: The Compton sqm; can he calc ui::teu from the relation:
x* o — h L 1 o5 ﬂ‘)
i,
— 3
Putting values, we get: At — - 800 [ cos45‘} =7. 1110 m

(2. 11x1037)(3x10%)

Assignment 21.3
An X-ray of 71 pm is incident on a target. What is the smallest shift that can be expected
at 60°7 Find the wavelength of the scattered X-ray.

21.4 PAIR PRODUCTION

Pair production isthe process of creation.of a
subatomic particle and its antiparticle. When a

e
photon passes near a heavy nucleus, an elsctron- Photon ® st
positron pair is created, as shown in Fig. 21.8. The _ AN NMA~ o . _______
photon is totally absorbed in this process. ._ o @ elech
when a high energy photon interacts with matter, 1 '7"‘ CLOM -
photon energy is changed into an eleciron- laﬂhtrﬂn'-:-,_.-. LN . <P

pair. This process is called pair pruducum 1 e L)L MNuch =

Phenomenon of pair production is WHE'I*I':& n‘f S Figure 21.8: Pair prudl..n:tim.

conversion of energy into mass. Ihiee paramaeters

are conserved during the pair ﬂrqduttinn Charge, Momentum, and Energy.

Conservation of Charge: Charges must be conserved in this process. As electron and positron
having opposite charge means that the sum of net charge of pairs is zero, which is actually
egual to that of photon before the collision. Therefore, the conservation of electric charge will-
be observed in this process. It is impossible for a photon to produce a single electron, a single

positron, two electrons, or two positrons, because the photon has zero charge and then charge
will not be conserved.

Conservation of Momentum: Momentum must also be conserved in this process. If h—: is the

momentum of photon, mv_. is the momentum of positron and mv_ is the momentum of
electron, then apply conservation of momentum, we have:

hf
—=mMY_, + mvV - (21.11)
c - -
Conservation of Energy: Energy nv it e o snserved in the process of pair production to occur,
il.e.,
E photan ™ E stectron * E positron —_— (27.12 a)

As the total energy of a particle with mass ‘m” is the sum of its I-dnetic enerﬁ {K.E} and its rest
mass energy ( rn..c‘ ). so Eq. (21.12) can be written as:

= (K.E ciectron + mec® ) = (K.E pomitron "‘_-"H;‘]'

;{21.12 b)
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Where, E = moc® = 0.511MeV. Thus, a photon musl; have energy of at least 2mo.c? in order to
create an electron-positron plir- if the phﬂtnn energy is greater than 2mesc? (= 1.02 MeV) the
excess energy appears as K.E al I:he electron and positron.

21.5 PAIR ANNIHiLATION

Pair annihilation 15 the reverse process of pair production. Pair production is the process in
which energy (photon) is converted into mass (electron-positron) and annihilation is the process
in which mass (electron-positron) is converted into

energy (photon).

Pair annihilation s a process in which an electron-
positron pair combines to produce two photons.

positron @
It means during collision of electron and positron, these e
particles are disappeared and radiation is produced in l \
term of gamma ray phnton; Pair annihilation cannot - o —— v v

create just one photon, because it is required to T
conserve both energy and momentum. The movement electron

of photons in opposite direction justify the e ®
conservation of momentum.

The total energy of the two photons must be equal to ”m
the total energy of the eltcl:rmpﬂsitrﬂn paik. S [~ AR
Annihilation of the pair then prnduce;s two nhc-tans' = pair annthilation

eu:hmthmer-hf-ml 9511 HE\F traveling :
in opposite direction, as m !“ Fiﬂ 21 9. In general; Figure 21.9: Pair Annihilation.

2I11u='+K-E|m-n+KEm-Enermruftwogammaphﬂmns _ (21.13)
Some other examples of pair annihilation are proton-antiproton annihilation and Higgs

production. Besides confirming the photon model of EM radiation, pair annihilation and pair
production clearly illustrate Einstein's idea about mass and rest energy.

21.6 THE WAVE-PARTICLE DUALITY

interference, diffraction and polarization.are the basic properties of all electromagnetic waves.
As light shows all the three effects, therefore, light can be considered as a wave. But
Photoelectric effect can be explained only when we consider light as made by small energy
packets (particles) called photon. It means photoelectric effect shows the particle nature of
light. The light displays the dual nature, i.e., particle characteristics as well as wave
characteristics.

In 1924, the French physicist Louis De Broglie predicted that if light (which characteristically
demonstrated as pure wave properties) can have particle-like properties, then particle can also
behave as a wave. S0, particles of matter obey a wave equation just as photon does. Compton’s
investigation showed that the momentum p af a phm:un having wavelmgth A is described by
the equation;
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Eqg. (21. 14}&ﬂlﬁh“hﬂltﬂ1ﬁﬂhlm1ﬂmﬁmmﬁmmw
mumummmmummﬂmummhwm.
moving particle, greater the particle’s momentum the shorter its wavelength and vice versa.
For macroscopic objects of heavy masses, their cormresponding wavelengths are very small to be
Mmm De Broglie wavelength of an object having mass 0.5 kg moving with a
speedof 10ms' s

: h h 6.63x10

A e " mv ™ (0.5010)
mwhmmmhm mmwﬁmmmm
a typical speed of 10 ms' s

._h __se3x10™ s

Ay T ®axioaon oo™

This wavelength is comparable with the spacing between the atoms in a crystal, which s

suitable for diffraction and interference. Thus, mwﬁwmmum
are observable.

There are so many practical applications of De-Broglie equations, fu'm the theory
behind the construction of electron microscope s the De-Brogile theory, which is commonly

mm:ﬁrmmﬂummﬂmwtﬁm,m
atc.

= 1.3=10" m

Example 21.4: A boy through|a Etarre havlng mass 5.0 mg with the help of a catapulit. If the

stone moves with :pq-m:t of 8.0 m s5', calculate De Broglie wavelength associated with the
stone.

Given: m=50mg = 5.0x10™ kg v=8ms"
To Find: A=f
swolution: The de-Broglie wavelength can be calculated by using: A= ;':"';
8.83x10 '
- I e N ]
Putting values, we get: G=10°)@) 1.66x107" m

Assignment 21.4

The speed of rifle bullet is 1500 m s™. If its mass is 20 g then find the De Broglie wavelength
associated with it. Is this wavelength observable? Give reason.

_ECTRON MICROSCOPE

The electrnon microscope is a device that is based on the wave nature of electron. In microscope,
accelerated electrons are used as fllumination source. This microscope helps us to observe
objects in detail even up to nano-scale with remarkably high resolution. Tungsten metal
(material) and high potential source are used for excitation of electrons to form an electrons
stream like a beam of light. Magnetic colils are used for focusing the electrons- beam on the
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target substance. The theoretical aspect of this set 154 by h‘u:reaslng the applied potential,
current is increased significantly and resuitantty the strength of magnetic lens (magnetic coils)

is increased.

Electron-microscope is hasi-;auy pi'a.ctical
usage and demonstration of ‘wave nature
of electrons, which “is thousand times
shorter than visible light which enables
the electron microscope distinguish
details not visible with optical microscope
i.e. visible light wavelength is 4000 A®° to
FO00O A°, while electrons accelerated to
10,000 KeV and acquire wavelength about
0.12 A®. A beam of extremely fast-moving
electrons is used instead of the light ~£2.L
source of a conventional light microscope. ek
The sample must be carefully prepared -
and placed in a vacuum chamber.

Ray diagram of electron microscope is
shown in Fig. 21.10. The electron beam is
passed through a series of coil-shaped
electromagnets that replace conventional - |
optical lenses. There are several ||
components of electron microscope; | '
electron gun, condenser lens,  sample Figure 2Z1.10: Electron microscope.

stage (magnetic object); objective lens,

intermediate lens; prk:jhbdtur lens, detector or screen and vacuum system. The electron gun and
condenser lens are typically located in the upper part of the microscope. The sample stage and
objective lens are situated in the middle section, the intermediate and projector lenses are

located in lower part of microscope.

The detector or screen is usually located at the very bottom. The image may take the form of
photograph, often referred to as an electron micrograph.

Any microscope is capable of detecting details that are comparable in size to the wavelength
of radiation used to illuminate the object. Electron can be accelerated to very high kinetic
energies, giving them a very short wavelength about 100 times shorter than those of the visible
light (used in optical microscopes). As a result, electron microscope is able to provide details
about 100 times smaller. The study of metals and crystals became easy with the introduction
of an electron microscope.

21.8 HEISENBERG'S UNCERTAINTY PRINCIPLE

On microscopic level, we cannot measure any property af a partn:lﬂ without interacting with it
in some way; this introduces unavoidable uncertainty into the result: One can never measure
all the properties exactly. According to, Planck's point of wew E= hc/A, means a photon with
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a short wavelength has a large energy. Fa_rr_nmqteﬂ by the German physicist and Nobel laureate
werner Heisenberg in 1927, the uncertainty principle states that we cannot find both the
position and speed of a particle, such as a photon or electron, with perfect accuracy. It is a
consequence of the dual 'mt_l.lre'-uf matter. According to Heisenberg uncertainty;

It is impossible to accurately find both, the position and momentum of an object
simultaneously.

According to this principle; The product of uncertainties in determining the position and
momentum of a particle at the same instant is approximately equal to I (read as “h-cut');

whermh—zl =1.054 x 10°* J s.
n

if position of a particle has an uncertainty Ax and that of the corresponding momentum is Ap,
then uncertainties are found to be related in general by the inequality as:

. Apzh

It is impossible to know both the position and momentum exactly, fe.,ifAx=0and Ap = co. In
quantum mechanics a particle is described by a wave, the term position refers; point where
the wave is concentrated. The uncertainty in position means; the position is uncertain to the
degree that the wave is spread out. While the uncertainty in momentum means; the momentum
s uncertain to the degree that the wavelength is unclear. These uncertainties are inherent in
the physical world and have nothing to do with the sid‘lll ‘of observer, ‘due to the very small value
of angular Planck's constant, t.hHE unl:eﬂai'lties are Mot observable in normal everyday
situations. i v Fy

If we want accuracy in position, wﬁ rnu’st use phntms of shorter wavelength because the best
resolution we can get. _islahﬂ_l..lt the wavelength of the radiation used. Short wavelength radiation
implies high frequency, high energy photons. When these collide with the electrons, they
transfer more momentum to the target. If we use longer wavelength i.e., less energetic
photons, we compromise resolution and position.

if the energy is in the form of electromagnetic waves, the limited time available restricts the
accuracy with which we can determine the frequency of the electromagnetic waves. Let's
consider that the minimum uncertainty in the number of waves under observation is equal to
number of them that we counted divided by the time interval, the uncertainty in the frequency
can be measured as;

1
AF z— i.e., AE = hAT.
At

Another kind of uncertainty principle concerns uncertainties in simultaneous measurements of
the energy of a quantum state and its lifetime, if AE is the uncertainty in determining the
energy of the system and At is the uncertainty in determining the time to which this
determination refers, then the uncertainty principle for energy and 'I;irne can be expressed as;

AE. Atzh

A system that remains in metastable state for a very lnnﬂ tima can hnve a well-defined energy,
but if it remains in a state fnr anl.y n short_time the uncertainty in energy must be
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comespondingly greater. The uncertainty AE depends on the time interval At during which the
system remains in the given state. \

Example 21.5: Calculate the uncertainty in the momentum of an electron if uncertainty in
its position is 1 A (| 1(} “’m]

Given: Ax = 10" m

To Find: Ap=T7

Solution: According to the uncertainty principle:

ﬂ-ﬁFEL

2n
or . aAp >

h
By putting values, we get:

2rAX
8.63x10
- -5 2810 ;.
4P = 23.14)(10°%) -
Assignment 21.5

Let’s consider a ball with a mass of 0.1 kg moving at a speed of 30 m 5. The uncertainty in
its momentum is 0.000001 of its actual momentum. Determine the uncertainty in its

position? -
21.9 DISCRETE ENERGY LEVELS IN AN ATOMAND ITS SPECTRA

mmmmmmmemmnﬂwmum:thM}.
orbit has a discrete energy state of the atom e.g. Ei, Ez, Ex and so on, as shown in the Fig.
21.11. mmmfmmalm“rwhw{mmww'ﬂnwlmﬂ

mt-hmtufm

- mnwﬁr
an electron to move
from a lower to a
higher energy level.
This transition =
called an excitation.

lower energy level.
This transition i=
called a de-
excitation.

m:mm-mr.mmmmﬂ:ﬁﬂmﬂmbﬂmm
sp:dﬂ:mlcvdsﬁwﬂvedhmemiﬂun mm:yufu-mm-ummuu
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hf = En - Ep. _
Where E, and E; are higher and lower energy states respectively.

Photons emitted from such transitions, when allowed to pass through a narrow slit and a prism
({or diffraction ]rltinﬂ_j, \Illlﬂi give rise to a set of line spectrum, unigue to the element, as shown
in Fig. 21.12. A spectrum is produced by using a prism or diffraction grating to separate the

various wavelengths in a beam of light. A line spectrum contains a discrete set of wavelengths.
It is a characteristic feature of an element.

e

Figure 21.12: Setup for obtaining spectrum.

An emission spectrum of an element consists of a series of separate bright lines of definite
frequencies (or wavelengths) on a dark backgreund, It is produced when a stream of photons of
different frequencies is passed through a narrgiﬁw-sut and normally through a diffraction grating.
These photons are emitted randomly from transitions (from higher to lower excited states or
the ground state) in the excited atoms of the element in a vapour or gas at low pressure.
Emission spectra of Hydrogen is shown in Fig. 21.13 (a). Since each slement has a unigue set of
orbital electrons, the emission line spectrum of an element is also unique, enabling it to be
., used as a means of identification of the element.

Different coloured lines in

the spectrum iz helpful in

e _!E _
(b)

a unique emission level. 1 Figure 21.13: {(a) H-emission spectrum 15] H-absorption spectrum.

An absorption line spectrum of an element consists of a series of separate dark lines of definite
frequencies (or wavelengths) on a coloured background. The coloured background s produced
when a stream of photons of different frequencies from a whitélight source (e.g. tungsten
filament lamp) is passed through a narrow slit and a diffraction Ea'ting- The cool vapour of the
element concermned is placed between the white light source and the narrow slit, such that its
atoms may absorb excitation energy from photons incident from:ithe white light source. The
unabsorbed photons frem-the white light source will be incident oni-the screen with the original
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intensity. After the absorption, the excited atoms "ﬁi'u'e-?ehtuhl'lg? g0 back to the ground state
by emitting the same phntnns absurbed Earlier. Ahserption spectra of Hydrogen are shown in
Fig. 21.13 (b). \ \ A

SUMMARY

-

<

¢ ¢ ¢ ¢

2 |--'|' ] '.'I d

When electrmhagnetic radiation is absorbed by a matertal, electronically-charged particles
are released from the material (or even within itself). This phenomenon is called the
photoelectric effect.

Conservation of momentum implies that if two or more bodies interact with each other in
an isolated system -(that-is, no external force is acting upbn them), then the total
momentum of all the bodies remains constant.

The electrons which are emitted from a metal surface upon the influence of light are called
photoelectrons.

Threshold energy is the minimum amount of energy needed by the electron to break free

from the metal and eject from it.
Threshold frequency is the lowest frequency of slectromagnetic radiation that will produce

. a photoelectric effect in a material.

The threshold wavelength is the largest possible wavel=2ngth of the incident radiation which
allows photoemission to take place. Mo photcemiszsian occurs if I:.h;e wavelength is higher

than the threshold. [T\ (CLON

Formula Sheet A _j';I.»'. AN Y

E = hf . B € ev, YA SIS TE = @ + K. Emax
Jﬂ-%-% M (’1 cns&] Ax. Apzh AE. At =
EXERCISE

Myltiple Chnlce Questions ; -

Encircle the Correct Dpt‘ion.
1} Which of the following spectral regions has the highest energy?

2}

3)

A, Infrared B. Violet C. Red D. Blue
Which of the following statements is true aboul b

A, A photon has zero mass and zers momentun:.

B. A photon has finite mass and a finite value ol momentuimn.

. €. A photon has zero mass but finite value of momentum.

D A prml:m has finite mass but zero momentum.
What happens to the kinetic energy of the emitted electrons when the light is incident on

a metal surface? T
A. It varies with the frequency of light. B. It varies _Mtl'i'_t‘l_'lﬂ.llghl; intensity.

C. It varies with the speed of light. [\ BrE variesdrregularly.
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4) A photoelectric cell is a device \ﬁ‘ldi | e
A. Converts light energy’ fn'ua electrlf:lty ) B. Converts electricity into light energy.

C. Stores light energy. | | D. Stores electricity.
5) Which prupefty dm the t:nmptcn Effect describe about photons?
A. Mass ! NIk B. Momentum C. Wave properties D. Speed rates
&) What happens to a high energy photon after it strikes an electron?
A. decreases frequency B. decreases wavelength
C. increases energy D. increases momentum
7) Energy of gamma photon having a wavele_ngth of 1A° is:
A, 12.4x10° eV B. 12.4x10" eV C. 12.4x10* eV D. 12.4x10* eV
8) If uncertainty in the position of an electron is zero, the uncertainty in its momentum will be
A. less than h/4mw B. greater than h/4mw C. zero D. infinite
9) What is the process by which a particle and its antiparticle annihilate each other?
A. Pair production B. Pair annihilation C. Nuclear fission D. Nuclear fusion
10) Which of the following particles is produced during pair annihilation?

A. Photon B. Electron C. Proton__ |, D. Neutron
Short Questions E

1) Prove that energy and mnmentl.n‘n n’f Phntnn a.r& d'frecl:ly prop-ur-tiunal to each other.

2) Convert BOO MeV into joules. | |

3) Write the two phenomena to dmdbl: phﬁtnmelectron interaction.

4) In the interpretation of the photoelectric effect, how is it known that an electron does not
absorb more. Fhanl ane photon?

S) How you can determine the work function from a plot of the stopping potential versus the
frequency of the incident radiation in a photoelectric effect experiment? Can you determine
the value of Planck's constant from this plot?

&) Speculate how increasing the temperature of a photo electrode affects the outcomes of the
photoelectric effect experiment.

7) Which aspects of the photoelectric effect cannot be explained by classical physics?

8) What is the physical significance of Compton's effect?

9) Differentiate between Compton’s shift and Compton’s wavelength.

10) How can you say that scattering angle of photon plays effective role in measurement of
Compton’s shift?

11) What are the conditions required for pair production to occur?

12) What is meant by de Broglie wavelength?

13) Which phenomenon provides evidence for particulate nature of electromagnetic radiation?

Comprehensive Questions

1) What is photoelectric effect? How guantum physics exp!al‘n ﬂ:s re'SuIts.
2) What is Compton’s effect? Discuss indetail.” | || ||
3) State and discuss the Heisenberg _Uncertamty_ Principle.
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4) Discuss Pair production of electron-as pras:'l‘.h:al Implmfeﬂtatim of conversion of energy into
mass correspondences to of Eisenstein energy-mass equation.

5) Explain Annihilation process as, practical implementation of conversion of mass into energy
correspondences to of Ei nstein energy-mass equation.

6) What do you understan tr the term ‘Dual nature of light'? Discuss.

7) Explain that electromagnetic radiation has a particulate nature.

8) Explain how electron microscopes achieve very high resolution.

9) There are discrete electron energy levels in isolated atoms. Explain this statement by the
appearance and formation of emission and absorption line spectra.

Numerical Problems

1) In an experiment, the work function of potassium surface is found to be 2.1 V. What should
be the wavelength of incident radiation if the stopping potential for the electron is 0.43 V7

(Ans: 5.91x107 m)
2) Light of wavelength 5000 A falls on a metal surface having work function of 1.9 eV. Find (a)
Energy of photon in electron-volt. (b) Kinetic energy of photo-electrons emitted. (c) Stopping
potential. (Ans: 2.48 e\f, 0.58 eV, 0.58 V)
3) Calculate the energies of the photons associated with the (i) viclet tight. Qf 413 nm. (i) X-
rays of 0.1 nm. (iii) radio waves of 10 m. o mx: M  12424eV; 1.24x1077 eV)
4) Calculate the minimum energy rEquIred l:y l' #huton to tra,rﬁfer half of its energy to an
electron at rest. I - {Ans: 0.25 MeY)

5) An electron is placed inaboxahwtthe;iuofan atom that is about 1 A. What is the velocity

of the electron? LR (Ans: 7.29x10* m s7")
&) A 50 keV X-ray is s:att‘ered through an angle of 90°. What is the energy of the X-ray after
Compton scattering? {Ans: 45.5 keV)
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