ORIGIN OF QUANTUM
MECHANICS




End of 19 century - 1885

Ultimate description of nature...!!1111]




» Used to predict the dynamics of material bodies

» Maxwells electromagnetism provided the proper
framework to study radiation

» Matter and radiation were described in terms of
particles and waves, respectively.




At the turn of the 20™, however, classical physics,
which had been quite unassailable, was seriously
challenged on two major fronts:

Einstein’s 1905 theory of relativity showed that the validity of
Newtonian mechanics ceases (1.e., at speeds
comparable to that of light).

As soon as new experimental techniques were developed to the
point of probing atomic and subatomic structures, it turned out
that miserably in providing the proper
explanation for several newly discovered phenomena.




Failures of Classical Physics

Microscopic phenomena’s such as




> Explained the phenomenon of Blackbody radiation

as the energy exchange between
radiation and its surroundings takes place in
discrete, or quantized, amounts”.

He argued that the energy exchange between an electromagnetic
wave of frequency (v) and matter occurs only in integer multiples of

, which he called the energy of a quantum, where 1 is a
fundamental constant called Planck’s constant.




Planck’s radiation law

Planck assumed that the radiation in the cavity was emitted (and
absorbed) by some sort of “oscillators™ contained in the walls.
1|;|e usled olzman s statstical methods to arrive at the following
ormula:
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Flanck made two modifications to the classical theory:

1) The oscillators (of electromagnetic origin) can orly have certain
discrete energies determined by E, = nhv, where n is an integer, v
is the frequency, and h is called Planck’s constant.

2) The oscillators can ansorb or emit energy in discrete multiples of
the fundamental quantum of energy given by



Max Planck and
the blackbody problem

1858-1947

— Expert in thermodynamics and statistica mechanics

— Arounc 1900: Froposes first an empirical formula
(based on real physics) to reproduce both the high and

low wavelength parts of the emission spectrum
= Remarkable agreement with experimental results

— Then. works on a theoretical basis of the formula
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Photoelectric effect

In 1905 Einstein provided a powerful consolidation to Planck’s
quantum concept. In trying to understand the photoelectric
effect, Einstein recognized that Planck’s 1dea of the quantization
of the electromagnetic waves must be valid for light as well.

Voo, = 6.22x107 mis

Light can eject electrons

from a metal, but only if Light itself is made of
its frequency is above a 7 .
iscrete bits of ener or

threshold frequency 4 w lf 5y ”( d
(characteristic for each iny  particles), st

photons each of energy hv,
v being the frequency of the
| . | . . light.
Classically, for light 2as a wave, its energy is proportional to the square
of its amplitude.
For particles, energy is proportional to frequency

Einstein (1905) proposed that light has particle nature
(as well as wave nature). light is quantized (photons).




 The number of clectrons emitted by a surface
1s proportional to the number of incident

photons.

d An electron is emitted as soon as a photon
reaches the surface.

hv = hv. + 2 mV?

¢ =hv, = Work function of the material.

2 mV? = Maximum kinetic energy




hv, = ¢ (work function)\

hC — (P The minimum amount of energy that has to be

o given to an electron to release it from the
surface of the material and varies depending
on the material.

A

0 = Threshold wavelength

¢ = speed of light




UV light causes electrons to be released from the surface
of the zinc.

Emission of electrons commences at the instant the
surface 1s irradiated.

The frequency of the radiation must exceed the threshold
frequency.

Intensity of radiation has no effect.




Prob.1
Copper has a work function of 4.5 eV.
Therefore, the cut-off frequency and
wavelength for light ejecting electrons from
copper?




Work function (&) =hv,=h v,
h Veutoff — 4.5 GV, Or
Veutoff — 4.5 x (16 x 101 C)/ 6.63 x 1034

J-sec
Voo = 1.09 x 101> Hz.

Since }\'f:C’ A cutoff c/ Veutoff »  OT

A euorr = (3x 108 m/s) / (1.09 x 10'° cycles/sec)
= 276 nm (in the UV range)




When light encounters charged particles, the particles
will interact with the light and cause some of the light to
be scattered.

Compton scattering Recoil
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Compton Effect

Statement:

“The phenomenron in which an x-rav photon is scattered from an electron, the scattered
photeon having the smaller freguency than the incident photon®

Explanation:
Sccording to the classical theory, the wavelength of x-rayvs scattered by electrons must be

cgual to the wavelength of primary x-rays. But a change in wavelength has been ocbserved by
experiments. This is called the Compton effect.

Tillustration:

Suppose an x-tay photon of energy hf collides with an electron at rest and is then changed in
direction and frequency as shown in the figure.
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Applvineg Law of Conservation of Energy. we get

Einiae ..~ Easiat o :
E + m,c = E + E. <
o1 hf + i, c? = hf' + m c?
or hf - hrf'= (m — mg )

Applving Law of Conservation of Lincar momentum in the direction of the incident photon,
we have

(P Jinitial —  (Px Jfinal
or hf =0 = hf cos B8 4+ mwv cosg s L
o c

Applyving Law of Conservation of Linear Momentum in the direction at right angle to the
incident photon.
(By diniiar = {Py Jinal
or 0 = hf" sin® - mwv sing e L
L



Compton shift in wavelength

AL =\ A = (h/mc¢)[1-cos(0)]

scattered /“incident

0 = scattering angle of scattered photon from
the original direction of incoming photon

The scattered photons will have less energy and less
momentum after collision with electrons, and so should
have a larger wavelength according to the formula




Matter waves (de Broglie hypothesm)

Wave nature of the electron

dPrince Louis V. de Broglie suggested that massive
particles (1.e. matter) should have wave properties
similar to electromagnetic radiation.

 The energy can be written analogous to photons

What applies to mass less particles E = pc = hi, i.e. photons,

also applies to massive particles.
hf =pc=pif




1 The wavelength of a matter wave is called the de
Broglie wavelength,

De Broglie
Photons




PROPERTIES OF MATTER WAVES

Matter waves are not electromagnetic in nature
Matter-wave represents the probability of finding a
particle in space.

Matter waves are independent of the charge on the
material particle.

Electron microscope works on the basis of de-Broglie
waves.

Matter waves can propagate in a vacuum, hence they are
not mechanical wave.

The number of de-Broglie waves associated with nth
orbital is n.

The phase velocity of matter waves can be greater than
the speed of light.

The number of de-Broglie waves associated with the nth
orbital electron is n.




POSTULATE 1: STATE SPACE

Any isolated physical space is associated with a complex
vector space (Hilbert space) with inner product called the Statze
Space of the system.

The system is completely described by a state vector, a unit
vector, pertaining to the state space.

The state space describes all possible states the system can be
in Postulate 1 does NOT tell us either what the state space is or
what the state vector is.

w(t)> = Contains (and serves as the basis to extract) all
the needed information about the system. Any
superposition of state vectors 1s also a state vector.

*  Wave functions that are physically acceptable must, along with their first

derivatives must be finite, continuous, and single-valued everywhere.




Probability Density

1¥(x, t)1?
Y(r, t)

P(r, t) = I¥(x, t)12

" S r+oo “400 - 1
/ ly @, nl*d*r =/ cfx/ r'h'/ lw (7, 1)|7dz = 1.
' L J =0

o =0

A wave function y(r, ) satstying this relation 15 saud fo be normalzed

This condition on the wave function follows directly from the fact that the particle must
be somewhere, so the total probability of finding it anywhere in space must add up to
unity.




The Superposition Principle

If Wi(r, t) and Y2(r, t) separately satisfy the
Schrodinger equation, then the wave function

Y@, t) =al PI(r, t) + a2 Y2(r, t) , where al and
a2 are complex numbers. also satisfies the
Schrodinger equation.

The probability for this superposition.

P = ‘wa > Zl'ﬁ‘-r"l =g gy
i 1




Consider a system whose state 15 given 1n terms of an orthonormal set of three vectors: |¢;).

h2). |¢3) as

3 2 #
VFW’]) +;I¢‘2) + 4@3)-

(a) Verify that ) 1s normalized. Then. calculate the probability of finding the system 1n
any one of the states |¢1). |¢2). and |¢3). Venify that the total probability 1s equal to one,

(b) Consider now an ensemble of 810 1dentical systems. each one of them i the state |y).
If measurements are done on all of them. how many systems will be found in each of the states

1), |p2). and |¢3)?




Solution

(a) Using the orthonormality condition {¢;|dxr) = d;x where j. &k = 1, 2, 3. we can verify
that |y) 1s normalized:

4 2
5T W (3.11)

1 4 2 !
Wiy =< igddn) +olalen £ gl = oot

Since | ) 1s normalized. the probability of finding the system in |¢;) 1s given by
2

3 2 2
\;’_{Qﬁllﬁél:‘ + E{'ﬁﬁllﬁﬁz} + %{éllﬁf’s}

P = [(1lw)]? =

, (3.12)

s | =

since (¢1]¢1) = 1 and (1|¢2) = (P1léh3) = 0.
Similarly, from the relations (¢|d>) = 1 and (d>|d) = (¢l¢3) = 0, we obtain the
probability of finding the system in |¢2):

2

_2 (3.13)

2
Py =il y)I” = |S{d2lo)| = 3

As for (@p3l¢3) = 1 and (¢3l|¢1) = (¢3|¢2) = 0. they lead to the probability of finding the
system in |¢3):

2
V2 2 _
Py = ligsly)I” = | (¢alga)| = 3. (3.14)
As expected. the total probability i1s equal to one:
1 4 2 :
P=P1+P3+P3=T+§+§=]. 2.15)
o |



(b) The number of systems that will be found in the state |¢) 1s

- 810 __ e
Ny =810 x P, = — = 270. (3.16)

)

Likewise, the number of systems that will be found in states |¢») and |¢3) are given. respec-

tively. by
810 x 4 - 810 x 2 - _ _
———— =360, N3=810x P3=—— =180. (3.17)

N =8l0x P =
Y 9




Postulate 2: Observables and operators

To every physically measurable quantity 4, called an observable or dynamical
variable, there corresponds a linear Hermitian operator A whose eigenvectors

form a complete basis.

Observable Corresponding operator

Oy, 1) . . .
ih o7 -—E!I,-‘f“..f_]. —f.ﬁvwﬁ‘] - p‘fj"ri.]




Postulate 3: Measurements and eigenvalues
of operators

The measurement of an observable ' may be
represented formally by the action of ' on a state
vector

The only possible result of such a measurement
1s one of the eigenvalues a, (which are real) of
the operator 4.

Ay = V|




Postulate - 4




» The electronic orbit is of the order
Of 10_10 Bombarding
. . ph-nl;:jn oH
» we must use a radiation whose [
wavelength is smaller than 10-1°

When such photons strike the electron, not only will they perturb it, they
will knock 1t completely off its orbit; recall that the 1onization energy of
the hydrogen atom 1s about 13.5 eV. Thus, the mere act of measuring the
position of the electron disturbs it appreciably.




The act of measurement generally changes the

[l |:

(ly)

P, =




pectation Values

> of A with respect to a state is defined by

For instance, the energ
Hamiltonian

It does not mean that
over and over again,

A,

E=(H) ={(y|Hy)/ vy



Postulate -5

Time Evolution of the System’s State

Time-dependent Schrodinger equation

{"I

ih— (0, o)y (10)) = B (U, 10)ly (10)) )

at




« WAVE FUNCTION AND IT’S PHYSICAL
SIGNIFICANCE (v¢)

The physical significance or
interpretation of | or ¢ Y* was
given by Max Born in 1927.

1.y % or Yy* represents probability
per unit volume, of finding a
particle described by a wave
function at a perticular point
(x,y,z) at time ‘t’ in that volume.




IMPORTANT CHARACTERISTICS OF A WAVE
FUNCTION ASSOCIATED WITH WAVE

1. Wave function should be normalised. i.e. it should satisfy the
following condition:

[I- w?dx dy dz= 1

2. Wave function should be finite. co probability has no
meaning.

3. It should have a single value. (as at perticular point
probability can have only one value.




“I think I can safely say that nobody understands

quantum mechanics.”
Ch. 6, "Probability and Uncertainty”

-Richard Feynman




HEISENBERG REALISED THAT ...

In the world of very small particles, one cannot measure
any property of a particle without interacting with it in
some way.

This introduces an unavoidable uncertainty into the result.

One can never measure all the properties exactly.




Heisenberg's Principle Y Holds  Good  for

h
4T

L Also apply for angular
momentum (AJ) and
angle (ADO).

Heisenberg Uncertaintwv
Relationships

Ax - Ap ~ 7
AFE - At —#A




Heisenberg realized that ...

Werner Heisenberg (1901-1976)




An electron is travelling along x- axis with a uiform
velocity 2*10”6 m/s . If the velocity has been calculated with the
precession of 0.15%. Calculate the maximum accuracy with which
the position of the electron could be measured at the same instant
of time assume mass of the electron Me= 9.1 *10*-31kg.




1924: de Broglie suggests particles are waves 5, ‘ é

Mid-1925: Werner Heisenberg introduces Matrix Mechanics
*Semi-philosophical, it only considers observable quantities
[t used matrices, which were not that familiar at the time

oIt refused to discuss what happens between measurements
*In 1927 he derives uncertainty principles

Both formulations are used today, but Schrodinger 1s easier to understand




