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Inadequacy of Classical Mechanics &
Origin of Quantum Mechanics
Before 1900 most of phenomenon could be explained on the basis of Classical
Physics which is based on Newton’s three laws of motion:- (i) Law of inertia (ii) Law of
force and (iii) Law of action and reaction. The essence of classical mechanics is given in

Newton’s laws )
427
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For a given force if the initial position and the velocity of the particle is known all

=F

physical quantities such as position, momentum, angular momentum, energy etc. at all

subsequent times can be calculated. Othe ormulations provide same information
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Classical Mechanidg
(i)  Spectral distribl
(i) Stability of atoms Spetific,Neat at Ig
(iii)  Photoelectric effect =
(iv)  Compton scattering
(v) Optical line spectra
(vi)  Specific heat of solids at low temperature
These are the failures of Classical mechanics. Failure of Classical mechanics led to the
need of Quantum mechanics.
This inadequacy of classical mechanics led Max Planck in 1900 to introduce the new
concept that the emission or observation of e. m. radiation takes as discrete quanta,

each of which contain an amount of energy E = h v where v is the frequency of
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radiation, h is Planck’s constant. This concept led to new mechanics which is known as
guantum mechanics.

Planck was able to explain the black body spectrum in terms of the new quantum
concepts. Einstein, 1905, used this concept to explain the photoelectric effect by
assuming that energy of light quanta photon is transferred to a single electron
within a metal. Thus a dual character of e. m. radiation that it behaves as waves as well
as particle became established.

Planck’s hypothesis explained the spectral distribution of black body, photoelectric
effect, Compton Effect etc. called old quantum theory. The new theory of quantum
mechanics is based on two prineiple '

perg... Uncertainty  Principle  and

Bohr’s  correspondence Pri chanics is called matrix

mechanics. Schrodinger ve.mechanics. It  could

not explain co ‘Cherenkov radiation

etc. Further Klien relativistic theory

A Dlrae.ﬂhtrddr (?vy“&sm:epts
'mechan&;s : ‘ﬁ > '.

called relativistic dqu

Classical Me

Classical Mechanics Quantum Mechanlcs
Applied to Macroscopic bodies Applied to Microscopic bodies
Continuous e.g. Motion of snake N Discrete e.g. Motion of Frog; quantum
jump
Like Integration Like Differentiation
- - - — e
Black Body Radiation o ———

The spectrum of radiation is continuous with a maximum at a wavelength, which is
characteristic of the temperature of the body, decreases with an increase in temperature as
shown in Fig.1l. The Rayleigh-Jeans law agrees with the experimental result at low
frequencies or high wavelengths but predicts a monotonic increase of energy density with an
increase in frequency, leading to an ultraviolet catastrophe. The Wien law agrees with
experiments only at high frequencies. Thus two laws only give two sides of the experimental

curve.
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hv=KE- a

Where v is frequency of radiation, K.E. is kinetic energy of emitted electron, W is work
potential (function) of the metal

W =hv, (v, isthreshold frequency)
KE=hv-hv,
KE=h(v-vy)

Dr. Rakesh Kumar, Physics Department, Chaudhary Mahadeo Prasad Degree College, Prayagraj- U.P. 21002 Page 5



E Learning Modules

Though most commonly observed phenomena with light like interference, diffraction,
polarization etc. can be explained by waves. But the photoelectric effect suggested a
particle nature for light.

Energy of electrons ejected from sodium metal
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« Wave theory af light successfully explain the interference, d)szractlo [olarlzatlon
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Compton effec?r Zbémag effect et

basis of Planck’s qu A
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e, photgelectric effect,

-

[ tgrference, diffraction,
polarization etc. can be expla}W‘m'e photoelectric effect‘ and the
Compton scattering suggested a particle nature for light. Then electrons were found
to exhibit dual natures (particle and wave).

de Broglie Hypothesis

In 1924, de Broglie suggested that “All material particles in motion possess a wave

character”, such wave are called Matter waves or de Broglie waves.

de Broglie Wavelength: According to Planck's hypothesis, E=hv and also according to

Einstein theory E= me2

from the above two equations, we get
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hv = 2
hE:mc2
A

This gives de Broglie wavelength p=mc = h or k=

where p is momentum of photon.

If a particle of mass m moving with velocity v its de Broglie wavelength is

de Broglie wavelength for différehielrarged pasticle

« If a charge particle q is , then its kinetic energy

be qV. If this charge jgar
difference V the i i
« Both must be 1

« de Broglie

after applying potential

which is requi

(i) For electron:

(ii) For Proton:

(iii) For o particle: = 0101 ;\

de Broglie wavelength for uncharged(neutron) particle

« Kinetic energy of uncharged particle at room temperature T is %kBT where k is
Boltzmann constant.

1 my?

« Also Kinetic energy of uncharged particle moving with velocity v is 5
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* Both must be equal

3koT=1mu2
2 kBT— > mo
3kpT
L= m
- de Broglie Wavelength 3 —___h A

2
« If a particle having energy E and momentum p then its Kinetic energy E = Zp_m , it gives de

Broglie wavelength
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}Fw\g 31x

6626 x107%
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wavelength of 400 nm. "\ .
« The de Broglie wavelength & for i
observe our daily life.

« This effect is extremely important for microscopic particles, like electrons.
Quantization of angular momentum
Bohr makes assumption that the orbital angular momentum of the electron is quantized.

Since v is perpendicular to r, the orbital angular momentum is just given by L = mvr.

Bohr suggested that this is quantized, so that:

_nh -
27‘C
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Bohr’s suggestion that orbital angular momentum of electrons is quantized is equivalent
to the requirement that an integer number of de Broglie wavelengths must fit into

the electron orbit as shown in Fig.3:

Louis de Broglie had been im ivi e photoelectric effect, both of
which had been introduced in his lifetime. The photoelectric effect p‘ointed to the
particle properties of light, which had been considered to be a wave phenomenon. He
wondered if electrons and other "particles” might exhibit wave properties. The application

of these two new ideas to light pointed to an interesting possibility:
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Relativity

rest
mass =

— E 2.2 2.4
E =mc —/D C+ MG (i j Momentum of .
Kinetic Rast mass a photon The de Broglie
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Confirmation of the de Broglie hypothesis came in the Davisson- Germer experiment which
showed interference/diffraction patterns™ — in “agreement with de Broglie wavelength —

only later that /D " oh and' silts. The results

established the J fifgt experlmental

the scatterlng of

The experimenta Ianmeﬂh(m“ m)ﬂ mﬂ Gn

discussed below

we will stud

While applyind st "'\ Siential d| from a igir\/oltage power supply, the

St . - '.‘" ! o -
s, Whjchy agaipw c eg¥tar d particular velocity.

ne Ir. a.

C

_s.ai('i-é, these emitted electrons
were made to pass through .i‘tj thus preduc’iﬁ(j- a fine collimated Qeam.

« The beam produced from the cylinder is again made to fall on the surface of
a nickel crystal. Due to this, the electrons scatter in various directions.

« The beam of electrons produced has a certain amount of intensity which is
measured by the electron detector and after it is connected to a sensitive galvanometer (to
record the current), it is then moved on a circular scale.

« By moving the detector on the circular scale at different positions that is changing the 6
(angle between the incident and the scattered electron beams), the intensity of the

scattered electron beam is measured for different values of angle of scattering.
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 This peak was the result of constructive interference of the electrons scattered
from different layers of the regularly spaced atoms of the crystals.

With the help of electron diffraction 2d sin@ =n A ;

For d = 2.15and 6 = 50° the wavelength of matter waves was calculated to be 0.165

nm.

Co-relating Davisson Germer experiment and de Broglie relation: According to de Broglie,

For V =54 volt; A=0.167nm

Thus, Davisson Germer experiment confirms the wave nature of electrons and the de

Broglie relation.

Problems:

1. A particle of rest ma

Heisenberg Uncertainty PrincCipless
This principle is the direct consequence of the dual nature of light/matter. According to
classical mechanics a moving particle has a definite momentum (velocity) and a definite
position in space and it is possible to determine both its position and momentum (velocity).

In Quantum mechanics a particle is described by a wave. A wave packet is formed by
adding many waves of different amplitudes and with the wave numbers spanning a range of Ak
(or equivalently, AA). A particle is represented by a wave packet. Experiment confirmed that
particles are wave in nature at the quantum scale h (matter wave) we now have to describe

particles in term of waves (relevant only at the quantum scale). Since a real particle is
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localised in space (not extending over an infinite extent in space), the wave representation of a

particle has to be in the form of wave packet (Fig.6).

O / i
—_—
'~

Fig.6
Due to its nature, a wave packet must obey the uncertainty relationships for classical waves

(which are derived mathematically with some approximations)
AMAX 227 = AKAX 221t and . AtAv > 1

fouf_the approximation) gives the

A XZ]]Q |.\.,‘;: T

: -"*‘\-‘;5"5‘“4"'.

large range of waye @uber: that-is

/ : igg
%packet local

Fig.7
» Matter wave representing a particle must also obey similar wave uncertainty relation.
For matter waves, for which their momentum and Wavelengtr; are related by p = h/4,
the uncertainty relationship of the classical wave ALAX > A = AKAX >1/2 is

47t
translated into Ap, Ax > % where i=h/27x
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Time-energy uncertainty

¢ Justas Ap,Ax zg implies position-momentum uncertainty relation, the classical

. . 1 T . .
wave uncertainty relation AvAt > o also implies a corresponding relation between
T

time and energy AEAt > g

» This uncertainty relation can be easily obtained:

hawats 1.
Ar 2
B

.+ E =hv,AE =hAv = AEAt = hA VAt =§

Thus, Heisenberg uncertainty relation Ap, Axe L and AEAt > L shows that the product of
o Ny, . 2
the uncertainty in momentum (en and in positio*@ime).is at least as large as Planck’s
. . -,
constant. . m b\ N
A= 7 - - N - )
n {a) A narrow de
— Ax = y Broglie wave group. The position
i; -;‘::;: Jof the particle can be precisely
fl determined, but the wavelength
Cald W{and hence the particle’s momen-
tum) cannot be established be-
— ] A fe— Hcause there are not enough waves

\ ﬁ N\, ! to measure accurately. (b) A wide

Ewave group. Now the wavelength

can be precisely determined but
Ap small not the position of the particle.

T
b
%

What Ap, Ax 2% means (Fig.8, 9):

particle

» Itis impossible for the product Axip—x to be less than h/4rx
Ap.

momentum and the corresporitin

Allowed:
AxAp, ="

AxAp, = *h

Impossible:
AxAp, < th

Ax

Fig.9
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What

Note:

AEAt > g means (Fig.10):

Uncertainty principle for energy.

The energy of a system also has inherent uncertainty, AE

AE is dependent on the time interval At during which the system remains in the given
states.

If a system is known to exist in a state of energy E over a limited period At, then this
energy is uncertain by at least an amount h/(4wAt). This corresponds to the ‘spread’ in

energy of that state

E;_ Medium Ar

£ | short A

E, Long Ar

B
— -t 7

The Uncertainty relation is universal and holds for all the canonically conjugate
physical quantities like position-momentum, energy-time, angular momentum-
angle etc. whose product has dimensions of action.

According to Heisenberg Principle, “It is impossible to measure the position (time)
of a particle along a particular direction and also its momentum (energy) in the

same direction with unlimited accuracy”.
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Validity of Heisenberg Uncertainty Principle using gamma ray microscope
The absolute limit to the accuracy Ax  with which position can be determined by the

microscope is given by resolving power of the microscope

= A 1)
2sin0
represents the distance between two points which resolved by Microscope and O
is the angular aperture of the microscope. To minimize this uncertainty we must use

gamma rays, smaller the wavelength smaller the uncertainty.

Where AX

Recoll
electron
S p= mvy
) Target f
Incident h electron ", a

h u ,  hv'

hv P ==
pim— ¢

Scattered
photon

Fig.12
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* Let a photon momentum Q}Q strikes an electron initially at rest, so that its initial
momentum is zero. The striking photon transfers momentum mv to the electron and
scatters into microscope.

» According to principle of conservation the momentum, along X-axis be
huv_hv'
T="g-cos¢+mvcosd
* The momentum along X axis transferred by the photon to an electron is given by
—hv_hv'
mvcosO="2—-1P-cosé
=h c(v—v'cosd)

The limit of angle ¢ within,the microscope  are erm 90°-0 to 90°+ 60 and so the

(2)

g X axis is of
, we get

_

Application of Hé'is_e‘ éTtainty Princyplegs

1. The non-existence of thé“ele

Radius of nucleus of any atom ~ ~10-14m

If electron is confined with nucleus, the nucleus in its position must not be greater than =10-14m

Since
AxApy >Th

APy = h =10—21 Kg m/sec

The momentum of the electron must be at least comparable with its magnitude
Px=10"21 kg misec

Thus K.E. of the electron of mass m is

2
T, =P _g7mev
#
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If electron exists inside the nucleus then K.E. must be of the order of 97MeV, but
experimental observations shows that no electron in the atom possesses energy greater than
4 MeV. This clearly shows that electrons do not exist inside the nucleus.
2. Spectral line has finite width:
Uncertainty relation for energy and time is

AEAt>1p

2

According to Plancks hypothesis E=hv
Then uncertainty relation become

This gives
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