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A. Black — Body RADIATION
Black- Body

A perfectly black body is one which absorbs totally all the radiations of any
wavelength which fall on it.

Therefore, a black body does neither transmit nor reflect any radiation.

Since, it neither reflects nor transmits any radiation it appears black whatever the
colour of incident radiation may be. When such a body is heated it emits radiation
of all possible wavelength.

A perfectly black body is an ideal conception. Lamp black or Platinum black is
nearest approach to a perfectly black body. Lamp black can absorb 96% of the
radiation incident on it and Platinum black body absorbs about 98%.

Black- Body Radiation

When a black body is placed inside a uniform temperature enclosure, it will
emit the full radiation of the enclosure after it is in equilibrium with the
enclosure. These radiations are independent of nature of the substance, nature of
the walls of the enclosure and presence of any other body in the enclosure but
depends only on temperature. Such radiations in a uniform temperature
enclosure are known as black-body radiations.

Black-body radiation is also called temperature radiation.

A black body in thermal equilibrium (that is, at a constant temperature) emits
electromagnetic radiation called black-body radiation.

An ideal black body in thermal equilibrium has two notable properties -

1. Itis an ideal emitter: at every frequency, it emits as much or more
thermal radiative energy as any other body at the same temperature.

2. Itis a diffuse emitter: measured per unit area perpendicular to the
direction, the energy is radiated isotopically, independent of direction.

Example

Some devices have been evolved which act as perfect black bodies. They are
generally two types — one type commonly used for absorption experiments, is
known as Ferry’s black body.

The second type commonly used in emission experiments, is known as emission
black body.
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Ferry’s black body

A cavity with walls made of any material, with a small opening, is an excellent black
body. This is Ferry's black body. It also absorbs all electromagnetic radiation incident
on it irrespective of wavelength.
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It consists of a double walled spherical metallic shell inside being lamp blacked
and outside nickel polished.

It has a small opening just opposite to which there is a small conical projection
in the inner wall.

The lamp black hastens to attain the constancy of temperature and the outer
polish makes the enclosure impervious to heat. The projection prevents any
direct reflection of rays back through the opening.

When any radiation enters the enclosure through the opening hole it suffers
multiple reflections inside and is eventually absorbed so that practically no
radiation comes out through the opening hole. Thus, it behaves as a perfect
absorber.

Some Fundamental Definition

Electromagnetic radiations of all wavelength (zero to infinite) are emitted from
the surface of a heated body in all directions.

1) Emissive Power

The emissive power is the amount of radiant energy emitted by a body per unit
area of its surface normally into a unit solid angle per unit time.
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e, IS the emissive power of the body.

Let e,d\ the amount of radiation of wavelengths lying between A and A + dA and
emitted per unit area of the body per second, then

uy da

5% da =
dt dw dA

Where u, dA is the energy radiated normally by the elementary area dA in the
elementary solid angle dw in the element of time dt.

So, the emissive power of a body is a function of wavelength.

Total emittance or total emissive power (e): It is defined as the total amount of
thermal energy emitted per unit time, per unit area of the body for all possible
wavelengths.

E=[end)

2) Absorptive Power (a:)

Absorptive power of a body at a given temperature and wavelength is defined as
the ratio of the amount of heat energy absorbed to the amount of heat energy
incident on it.

If a body absorbs all the radiant energy falling on it , then its absorptive power
IS unity.

For black bodies, a, = 1 for all wavelengths but for other substances a; depends
on the physical nature of the body.

3) Kirchhoff’s Law

Kirchhoff’s law states that the ratio of emissive power to absorptive power (e,
/o) for radiation of a given wavelength is the constant for all bodies at the same
temperature and is equal to the emissive power of a perfect black body at that
temperature.

Mathematically, % = constant = E,.
A

This law accounts for the fact that for a given wavelength of radiation, good
absorbers are also good emitters.
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Energy Distribution of Black-Body

Lummer & Pringsheim carried a series of researches on the energy distribution
in the spectrum of Black-Body radiation.

The intensity of radiation emitted by a black-body is not uniformly distributed
over the whole range of wavelengths in the continuous spectrum emitted by it.
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Energy distribution in blackbody radiation
In the image above, notice that:

The blackbody radiation curves have quite a complex shape.

The intensity of emitted radiation increases as the temperature of the
blackbody increases for all wavelengths

The spectral profile (or curve) at a specific temperature corresponds to a
specific peak wavelength, and vice versa.

As the temperature of the blackbody increases, the peak wavelength decreases.

The total energy being radiated (the area under the curve) increases rapidly as
the temperature increases.

Theoretical laws of Black Body Radiation

In the nineteenth century a number of attempts were made to explain the
spectral distribution of the intensity of radiation from a black body on the basis
of classical mechanics & electromagnetic theory.
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1) Wien’s Distribution law
W. Wien, from thermodynamical considerations, showed that the spectral
distribution of energy by a black body at a temperature ‘T’ can be expressed as

E.dh=A A5 f(.T) di

Where, A = constant
E,. dA = the energy density of radiation between the wavelengths A & A+dA and
f(AT) = the function of the product AT

The Wien’s formula agreed with experimental curves for short wavelengths
but not match for longer wavelength.

2) Wien’s Displacement Law

The shift in the peak of intensity distribution curve is found by Wien’s
displacement law.

It states that if radiation of a particular wavelength at a certain temperature is
changed to another wavelength, then the temperature changes in the inverse
ratio.

1.€. 7\,1 T1 = 7\,2 T2 = 7\,3 T3

or| AmT = Constant

3) Rayleigh- Jeans Law
The Rayleigh-Jeans law of spectral distribution of black body radiation is
derived on basis of - i) the theorem of equipartition of energy

i) the theorem of stationary waves in a hollow enclosure
According to this law, the energy density is given by —

Es. d) = 8xKT A* dA

Where, K = Boltzmann constant and
E,. dA = the energy density of radiation between the wavelengths A & A+dA

This law can explain the experimental results in the long wavelength side but
fails in the short wavelength side.
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» Ultra-Violet Catastrophe

According to the Rayleigh-Jeans law as wavelength (1) decreases, the
energy density (E;) will continuously increase and as A tends to zero, E;,
approaches infinity.

This is contrary to the experimental results.
This discrepancy between the theoretical conclusion and the experimental
result is called Ultra-violet catestrophe.

Ultraviolet Catastrophe
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4) Planck’s law of Radiation
In order to explain the distribution of energy in the spectrum of a black body,
Max Planck put forward the quantum theory of radiation.

According to Planck’s idea the energy changes take place only discontinuously
and discretely as an integral multiple of a small unit of energy called a quantum.

Planck’s Law of blackbody radiation, a formula to determine the spectral
energy density of the emission at each wavelength (E;) at a particular absolute
temperature (T) -

8mhc

Erdi=—2X g

A5 (eKT —1)

Where, K = Boltzmann constant and
E, dA = the energy density of radiation between the wavelengths A & A+dA and
h = Planck’s constant.

Planck’s formula for the energy distribution of black-body radiation agrees
well with the experimental results both for the long and short wavelength.
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Deduction of other’s laws from Planck’s law
The different classical laws of radiation can be obtained from Planck’s law —
1) Wien’s Distribution Law

Planck’s Law of blackbody radiation is given by - E; dA = 8”—,’;‘: da

A5 (e2KT —1)

Now, for short wavelength and low temperature AT is small.
hc
Therefore, eaxt >> 1, and 1 can be neglected in the denominator.

8mhc mii

E, dh = —22° d) = 8nhed® ekt d) = A A5 f(AT)

25 (¢7KT)
Which is Wien’s distribution law

2) Rayleigh — Jeans Law

For long wavelength and high temperature, AT is large.
hc

— hc 1 , hc
Therefore, ekt =1+ —+=(—)?+.............
AKT 2! “AKT

hc
Now, neglecting higher order terms we obtained, ekt =1 + e

AKT
di

8mhc 1 _ 8mKT
Therefore, E, dA = e dA = T

Which is Rayleigh-Jeans law.

3) Wien’s Displacement Law
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B. Photo-Electric Effect

Photoelectric effect was first introduced by Wilhelm Ludwig Franz Hallwachs in
the year 1887 and the experimental verification was done by Heinrich Rudolf
Hertz. They observed that when a surface is exposed to electromagnetic radiation
at a higher threshold frequency, the radiation is absorbed and the electrons are
emitted. Today, we study photoelectric effect as a phenomenon which involves a
material absorbing electromagnetic radiation and releasing electrically charged
particles.

Photoelectric Effect

The photoelectric effect is the process that involves the ejection or release of
electrons from the surface of materials (generally a metal) when light falls on
them.

The metals that exhibit the photoelectric effect are called photosensitive materials
and the emitted electrons are called photo-electrons.

The photoelectric effect is an important concept that enables us to clearly
understand the quantum nature of light and electrons.

Experimental Study of Photoelectric Effect

Lenard’s experimental arrangement is shown in figure —

s

e -
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The given set up experiment is used to study the photoelectric effect
experimentally. In an evacuated glass tube. Two zinc plates C and D are enclosed.
Plates C acts as anode and D acts as a photosensitive plate.
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Two plates are connected to a battery B and ammeter A. If the radiation is incident
on the plate D through a quartz window W electron are ejected out of plate and
current flows in the circuit this is known as photocurrent. Plate C can be
maintained at desired potential (+ve or — ve) with respect to plate D.

Experimental observations of photoelectric emission:

1. For a particular metal, there exists a certain minimum frequency (so called
threshold frequency f0) of incident radiation below which no
photoelectrons are emitted, regardless of the intensity of light.

2. Above the threshold frequency, the maximum kinetic energy of the emitted
photoelectron depends on the frequency of the incident light and on the
material, but is independent of the intensity of the incident light.

3. The rate at which photoelectrons are ejected is directly proportional to the
intensity of the incident light.

4. The time lag between the incidence of radiation and the emission of a
photoelectron is very small.

Factors affecting Photoelectric Effect

With the help of this apparatus, we will now study the dependence of the
photoelectric effect on the following factors.

1. The intensity of incident radiation.
2. Potential difference between metal plate and collector.
3. Frequency of incident radiation.

a) Effects of Intensity of Incident Radiation on Photoelectric Effect

The potential difference between the metal plate and collector and
frequency of incident light is kept constant and the intensity of light is
varied:

The electrode C i.e. collecting electrode is made positive with respect to D
(metal plate). For a fixed value of frequency and the potential between the
metal plate and collector, the photoelectric current is noted in accordance
with the intensity of incident radiation.

It shows that photoelectric current and intensity of incident radiation both
are proportional to each other the photoelectric current gives an account of
the number of photoelectrons ejected per sec.

b) Effects of Potential Difference between metal plate and collector on

Photoelectric Effect
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The frequency of incident light and intensity is kept constant and the
potential difference between the plates is varied:

Keeping the intensity and frequency of light constant, the positive potential
of C is increased gradually. Photoelectric current increases when there is a
positive increase in the potential between the metal plate and collector up
to a characteristic value.

There is no change in photoelectric current when potential increased higher
than the characteristic value for any increase in the accelerating voltage.
This maximum value of the current is called as saturation current.

c) Effect of Frequency on Photoelectric Effect

The intensity of light is kept constant and the frequency of light is
varied:

For a fixed intensity of incident light, variation in the frequency of incident
light produces linear in the variation cut off potential/stopping potential of
the metal. It shown cut off potential (\Vc) is linearly proportional to the
frequency of incident light

The kinetic energy of the photoelectrons increases directly proportionally
to the frequency of incident light to completely stop the photoelectrons.
We should reverse and increase the potential between the metal plate and
collector in (negative value) so the emitted photoelectron can’t reach the
collector.

Different Graphs of Photoelectric Equation

« Kinetic energy V/s frequency

e Vmax VIsv

. Saturated Current V/s Intensity

. Stopping potential /s frequency

« Potential V/s current: (y = constant)

« Photoelectric current V/s Retarding potential

Imtiaz Ahammad



Graphs of photoelectric equation
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Laws of Photoelectric Effect

1. Foralight of any given frequency; (y >y ) photoelectric current is directly
proportional to the intensity of light

2. For any given material, there is a certain minimum (energy) frequency,
called threshold frequency, below which the emission of photoelectrons
stops completely, no matter how high is the intensity of incident light.

3. The maximum Kinetic energy of the photoelectrons is found to increase
with the increase in the frequency of incident light, provided the frequency
(y > yn) exceeds the threshold limit. The maximum Kinetic energy is
independent of the intensity of light.

4. The photo-emission is an instantaneous process.

Minimum Condition for Photoelectric Effect

Threshold Frequency (vu)

It is the minimum frequency of the incident light or radiation that will produce a
photoelectric effect i.e. ejection of photoelectrons from a metal surface is known
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as threshold frequency for the metal. It is constant for a specific metal but may
be different for different metals.

If y = frequency of incident photon and yy= threshold frequency, then,

o If y < vym, there will be no ejection of photoelectron and, therefore, no
photoelectric effect.

« If y = ym, photoelectrons are just ejected from the metal surface, in this
case, the kinetic energy of the electron is zero

o If y > ym, then photoelectrons will come out of the surface along with
Kinetic energy

Threshold Wavelength (As)

During the emission of electrons,a metal surface corresponding to the
greatest wavelength to incident light is known threshold wavelength.

Ath = ¢/ Yth

For wavelengths above this threshold, there will be no photoelectron emission.
For A = wavelength of the incident photon, then

« If A <A, then the photoelectric effect will take place and ejected electron
will possess Kkinetic energy.

« If A = Am then just photoelectric effect will take place and kinetic energy
of ejected photoelectron will be zero.

« If A > Am there will be no photoelectric effect.

Work Function or Threshold Energy (®)

The minimal energy of thermodynamic work that is needed to remove an electron
from a conductor to a point in the vacuum immediately outside the surface of the
conductor is known as work function/threshold energy

® = hywn = he/An

The work function is the characteristic of a given metal. If E = energy of an
incident photon, then

1. If E < @, no photoelectric effect will take place.

2. If E = @, just photoelectric effect will take place but the kinetic energy of
ejected photoelectron will be zero

3. If E > photoelectron will be zero

4. If E > @, the photoelectric effect will take place along with possession of
the kinetic energy by the ejected electron.
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Stopping Potential (Vs)

Stopping potential is defined as the potential required to stop ejection of electron from
a metal surface when incident beam of energy greater than the work potential of metal
Is directed on it.

Einstein’s Photoelectric Equation

According to Einstein theory on photoelectric effect is, when a photon collides
inelastically with electrons, the photon is absorbed completely or partially by the
electrons. So, if an electron in a metal absorbs a photon of energy, it uses the
energy in the following ways.

Some energy @ is used to making the surface electron free from the metal. It is
known as work function of the material. Rest energy will appear as kinetic energy
(KE) of the emitted photoelectrons.

According to the Einstein explanation of the photoelectric effect is:

The energy of photon = energy needed to remove an electron + kinetic energy
of the emitted electron

r.e. hv=W+ K.E

% mv2,,, = (hv = W) =h (v — o)

Where, h is Planck’s constant.

v is the frequency of the incident photon.

W is a work function = hvg

K.E is the maximum kinetic energy of ejected electrons = % Mv2,,.

Explanation Photoelectric Phenomenon by Einstein’s Equation

The frequency of the incident light is directly proportional to the kinetic
energy of the electrons and the wavelengths of incident light are inversely
proportional to the kinetic energy of the electrons.

If vy = vt or A =An then Ve = 0.

Y <7vymor A > An: There will be no emission of photoelectrons.

The intensity of the radiation or incident light refers to the number of
photons in the light beam. More intensity means more photons and vice-
versa. Intensity has nothing to do with the energy of the photon. Therefore,
intensity of the radiation is increased, the rate of emission increases but

there will be no change in kinetic energy of electrons. With an increasing
number of emitted electrons, the value of photoelectric current increases.
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Applications of Photoelectric Effect

Used to generate electricity in Solar Panels. These panels contain metal
combinations that allow electricity generation from a wide range of
wavelengths.

Motion and Position Sensors: In this case, a photoelectric material is
placed in front of a UV or IR LED. When an object is placed in between
the Light-emitting diode (LED)and sensor, light is cut off and the
electronic circuit registers a change in potential difference

Lighting sensors such as the ones used in smartphone enable automatic
adjustment of screen brightness according to the lighting. This is because
the amount of current generated via the photoelectric effect is dependent
on the intensity of light hitting the sensor.

Digital cameras can detect and record light because they have photoelectric
sensors that respond to different colours of light.

X-Ray Photoelectron Spectroscopy (XPS): This technique uses x-rays to
irradiate a surface and measure the kinetic energies of the emitted
electrons. Important aspects of the chemistry of a surface can be obtained
such as elemental composition, chemical composition, the empirical
formula of compounds and chemical state.

Problems on Photoelectric Effect

1. In a photoelectric effect experiment, the threshold wavelength of
incident light is 260 nm and E (in eV) = 1237 /A (nm). Find the maximum
kinetic energy of emitted electrons.

Solution:
K= he/h — he/he=he % [(A0 — L)/AA0]
= K,..= (1237) x [(380 — 260)/380%x260] = 1.5 eV

Therefore, the maximum Kinetic energy of emitted electrons in photoelectric effect is 1.5 eV.

2. In a photoelectric experiment, the wavelength of the light incident on
metal is changed from 300 nm to 400 nm and (hc/e = 1240 nm-V). Find
the decrease in the stopping potential.

Solution:
he/hb=0¢ +eV,.... (i)

Imtiaz Ahammad


https://byjus.com/physics/light-emitting-diode/

heh,=¢ +eV,. ... (ii)

Equation (i) — (ii)

he(1/h — 1/A) =e x (V. — V.)

=V,— V,= (hcle) x [(A2 = A1)/(A1 —A2)]

= (1240 nm V) x 100nm/(300nm x 400nm)
=12.4/12 = 1V.

Therefore, the decrease in the stopping potential during the photoelectric experiment is 1V.
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C. Compton Effect

A. H. Compton observed that “when a monochromatic beam of high frequency
(lower wavelength) radiation (e.g., X-rays and p-ray) is scattered by a
substance, the scattered radiation contains two type of wavelengths one having
same wavelength as that of incident radiation while the other having the
wavelength greater (or lower frequency) than that of incident radiations.

This effect is known as Compton Effect.

Quantum Explanation: The explanation was given by Compton which was based on quantum
theory of light. According to quantum theory when photon of energy 4o strikes with the
substance some of the energy of photon is transferred to the electrons, thereore the energy (or
frequency) of photon reduces and wavelength increases.

Various assumptions were made for explaining the effect these were:

(i) Compton Effect is result of interaction of an individual particle and free electron of target.
(i) The collision is relativistic and elastic.

(iii) The laws of conservation of energy and momentum hold good.

Recoil
electron
. Target 2 A F )
Incident 2 eflectron _-~
photon v at rest_.~ \ o
u U U u = /‘ (D hv'
hv E
" ;

Scattered
photon

The energy of the system before collision = hv + moc?
The energy of the system after collision = hv’ + mc?

According to the principle of conservation of energy -
mc?=h (v - v') + meC? o (D)

According to the principle of conservation of linear momentum along and
perpendicular to the direction of incident photon (i.e., along x and y axis), we
have

s hy'

— + 0 = —rosp + mucost?
i f.'
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¢
mueccost! = hy — hw cosg (2)
and

[
hy .
) = sing — musint
i

. f .
muesing = hv sing (3)

Squaring (2) and (3) and then adding, we get

L i f 2 p L )
m-v-e” = (hv — hv cosg)” + (hy sing)”
Or
>3 2 f 2 f 43 o ¢ '
m-v-c” = (he)® + (he )° — 2(he)(he) coso .. (4)
Squaring equation (1), we get
m?ct = 33135:‘1 + (ot + (B = 2k by + 2mget (e — By

.. (5)
Subtracting (4) from (5), we get

2 4

2,22 2.4
m- o —muo :

S =miet + E[hpj[Fufjr[c:m.wz.n — 1]+ 2m 2 hv — h') .. (6)

According to the theory of relativity

m,
m= —
Vi-&
or
f}lz
m? = — —
(1-2)
or
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2 2 2.2 2.2
moCcT —ImtluT = .i'.i'I-Uf.'
Multiplying both sides by c?, we get

2 4 2,22 2.4
mec* —mv<c* = mie e (7)

Using equation (7), equation (6) becomes
0= E[h.rfj[IW'][(:QH:.J — 1]+ Imyche — hy')

E[ij[h:f'j[l — cosg| = 2myc(he — he')

r

v — U I
S 5(1 — coso)
L M=
1 1 h \
MR —— 2|_1—-:‘.f::r.-;rJ_I
5 v mge* (8)

To find the relation in term of wavelength, let us
substitute ¥ =¢/A and ¥ = ¢/A we thus have,

. /
AA=)N —A= (1 coso)
M e
Compton shift
ax= -2 )
{ = — COSg
mec L (9)

From above equations (8) and (9) following conclusions can be drawn

1. The wavelength of the scattered photon A is greater than the wavelength
of incident photon A.

2. A A is independent of the incident wavelength.

3. A A have the same value for all substance containing free electron

4. A X only depend on the scattering angle ¢,

Special Cases

1. when ¢ = 0% then cos ¢ = 1
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AL=X-1=0 ... (10)

A = A, the scattered wavelength is same as the incident wavelength
in the direction of incidence.

2. when ¢ =90% then cos ¢ =0
I

1M ,C

Ad=X —A=

h

Mo

AN = = 0.024264

AN=4c . (11)
Where Ac is called the Compton wavelength of the electron.

3. When ¢ =0; then cos ¢ =-1

]
-

AN = = 0.046524

meC (12)

Why Compton Effect is not observed in visible spectrum

The maximum change in wavelength A\ max is 0.04652 A° or roughly 0.05 A°.
This small therefore cannot be observed for wavelength longer than few angstrom
units. For example-

For X-ray, the incident radiation is about 1A% AMXmax is 0.05 A° therefore
the percentage of incident radiation is about 5%(detectable).

For Visible radiation, the incident radiation is about 5000 A°, A Amax IS 0.05
ACtherefore the percentage of incident radiation is about 0.001%
(undetectable).

Direction of Recoil electron

Dividing equation (1.33) by (1.34) direction of recoil electron is given by

tan =

i’ .
hi sind

hv — hi'coso
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hief\rsing

tant =
hefy — hefyrcosg
1/ rsing
tiant! = - ”‘_
L/ —1/ycosg
Asineg
tantl = —
— Arosg
Asinad
tant = — ,
A'— AXeosp (13)
where
; o
A=A+ (1 — cosg)
mye

Kinetic Energy of Recoil Electron

The kinetic energy gained by electron is equal to the energy loss by the scattered
photon

E=hy—hv
A

E = he ! !

= I )IL }lllr

A=A
E = he -
AN (14)
where
r IIr
A=A+ J (1 —coso)
Mg

Example

1. X-rays of wavelength 1A are scattered from a carbon block. Find the
wavelength of the scattered beam in a direction making 90° with the incident
beam. What is the KE of the recoiling electron?

2. A beam of y radiation having photon of energy 510 KeV is incident on a foil
of Aluminium. Calculate the wavelength of radiation at 90°.
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D. de-Broglie Hypothesis

> De-Broglie Hypothesis of Matter Waves

In 1924, Louis de-Broglie suggested that similar to light dual nature "‘every
moving matter has a associated wave"

The wave associated with the moving particle is known as matter wave or de-
Broglie wave.

» De-Broglie wavelength of matter waves

As a photon travels with a velocity ¢, we can express its momentum as

E  hw h
E__P = —_= — = —

e r A
Thus

h
A= —

FL

A particle of mass 'm’ moving with a velocity v carries a momentum p = mv and
It must be associated with the wave of wavelength.

A= —
v

The above relation is known as de-Broglie equation and the wavelength A is
known as de-Broglie wavelength.

De-Broglie wavelength associated with an accelerated particle

If a charged particle, say an electron is accelerated by a potential difference
of V volt,

then its kinetic energy is given by

"= ‘b‘x m

Then the electron wavelength is given by
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A:j—sz—J If'lll 1
mum \. 2eV

h

v 2meV

De-Broglie wavelength expressed in term of kinetic energy

A=

If a particle has kinetic energy K.E., then

1 m*u? P’

- 2

KFE =-mv = = —
2 2m 2m

p=v2mK.E.

_h

ju

A

h
\2 m(K.E.)

De-Broglie wavelength associated with particle in thermal equilibrium

If the particle is in thermal equilibrium at temperature T, then their kinetic
energy is given by

3

K.E.=SKT
N h
 \B3mKT

Where K = 1.38 X 102 J/K
For an electron

m=9.1X 103 Kg;e=1.6 X101 C; h=6.62 X 1034 J.s

Therefore
\— h
W 2mel’
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Examples

1. What voltage must be applied to an electron microscopic to produce electrons
of wavelengths 0.40 A?

2. Find the wavelength of the de-Broglie wave associated with an electron
having energy 1 MeV.

3. an electron initially at rest is accelerated by a potential difference of 5000 V.
Find the de-Broglie wavelength.
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Davisson—-Germer’s Experiment

The Davisson—Germer experiment is a physical experiment which provides a
critically important confirmation of the de-Broglie hypothesis given in 1927,
which said that particles, such as electrons, are of dual nature. More generally, it
helped cement the acceptance of quantum mechanics and of the Schrédinger
equation. The experiment arrangement is shown in figure. The electron beam is
produced, accelerated and collimated by an electron gun. This beam of electron
Is directed in a high vacuum to fall at an angle on a large single crystal of nickel,
known as target T.

ELECTRON GUN 5 G
§ 4
% DETECTOR
\ 5.4
\ /
N 7
N Ve
\ ’
\ 7
N ¢ L
<
N i
T CRYSTAL

The number of electrons scattered by the crystal in different directions was
measured with the help of a detector D, which can be moved on a scale. The
detector current is a measure of the intensity of the diffracted beam.
A polar graph was then plotted between the detector current and the angle
between the incident and diffracted beam. Such polar curves were obtained for
electron accelerated through different voltages.

It was found that a hump appears in the polar curve when44eV electrons were
incident on the crystal. It is seen that for the accelerating voltage of 54eV, the
electrons are scattered more pronouncedly at an angle 50°with the direction of
incident beam.

The maximum is an indication that electrons are being diffracted. In such a case
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Bragg’s law applicable for Xray diffraction by crystals, would be valid for
electron wave difference also.

The inter planer spacing is obtained from X ray analysis is to be d = 0.91A
Glancing angle 0 = 65° (90-25)°
Applying Bragg’s equation

= 2dsinf = 1.60.A4

Elechron

U Lot tilament to
release elecirons

Acceleratin
+54 V actod g9

o
o =
50 |°_ d _.I Nickel lattice
o3 spacing d = 219 A

é - -3 = =3
P
l Nickel I
ctystsl Experiment
Pathil difference
h Theory dsin® = zjﬁg':’;sin 65 =A=1.65A
A= mv 1.67 A for 64V for construct'ive interference

Davisson and Germer Experiment

The wavelength of electron wave can be computed from the accelerating
potential V using de-Broglie equation

h
A= —=1.664
W 2mel’

It is seen that the values obtained experimentally using Bragg’s equation and de-
Broglie equation agreed well and provide evidence to the existence of matter
waves.

Imtiaz Ahammad


https://sites.google.com/site/puenggphysics/home/unit-iv/davisson-germer-experiment/Picture3.jpg?attredirects=0

E. Group velocity & Phase velocity

According to de-Broglie hypothesis, a material particle in motion has a wave
associated with it, the wavelength of the wave can be given as

Ao

mu (1)
where m is the mass and v is the velocity of the particle. If the energy of the
particle is E, then the frequency v of the wave can be specified by the quantum

condition E = ho,
Hence

E
h (2)
But according to Einstein’s mass energy-relation E = mc?, so from above,
equation becomes

L/

»
o

h (3)

The de-Broglie velocity u is given by u = v, therefore substitute :» and X from
equations (1) and (2),
we have

=

]
me- h
=

h mu

or

v (4)

According to the theory of Relativity particle velocity (v) is always less than the
speed of light c. Equation (1.4) implies that the De-Broglie wave velocity must
be greater than c. This is an unexpected result. According to this the de-Broglie
wave associated with the particle would travel faster than the particle itself, thus
leaving the particle far behind.

The difficulty was recovered by Schrédinger by postulating that a material
particle in motion is equivalent to a wave packet rather than a single wave. Wave
packet comprises of a group of waves, each with slightly different velocity and
wavelength. Such a wave packet moves with its own velocity vy, called the group
velocity.
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The individual wave forming the wave packet possesses an average velocity, vp
called the phase velocity.

It can be shown that the velocity of the material particle v is the same as group
velocity.

MWWV
e

Ampltude —

0

Let us assume two wave trains have same amplitude but different frequency and
phase velocities

ulz, t) = Asin(wt — kz) (5a)
HFI:.E': H = _{.‘fi:fl[lz;.a.f‘ -+ __"-w_;]jg‘ — “t' T -—"‘Jl]“] (5b)

where w and (w+Aw) are angular frequencies and
k and (k + AK) are propagation constants
The superposition of two waves is of the form

Wz t) =u+u = Asin(wt — kz) + Asin[(w + Aw)t — (kb + Ak)x] (6)

as Aw and Ak are small therefore (w + Aw)—w and (k + Ak) —k, the above
equation reduces to

P \ _\"Lub-' l;ll i . .
Wr, t) = 2Ac0s TJ’ — sinlwt — kx)
- - (7)
This equation represents a vibration of amplitude
¥ [_"m;!l Ak ]
LACQs8 | ——L — —.°¢
2 2
- - (8)

The phase of the resultant wave moves with the velocity known as phase velocity,

k 9)
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And the amplitude moves with the velocity known as group velocity

Aw /2 dw
Uy, = = —
TAR2 T dk

B dw
YTk (10)

Relation between phase and group velocity

Since, the Phase velocity of wave is

w
iFJ:F

Rewriting above equation

w = kv,

Differentiating above equation with respect to k, we get

dew dv
JEE— I_I A ;L'_P
TR T
L
i, =
as ¢ dk
v
o= U + kL
R TR

using partial differentiation
; dry, dA
vy = Uy + K —
g ! dX dk

as k= ZTn; therefore A = 27” and
dA  2rm

dk k2

substituting this in above equation, we obtain

This is the relation between group velocity and phase velocity.
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F. Heisenberg’s Uncertainty Principle

In 1927 Heisenberg proposed “the uncertainty principle”. This principle is a result
of the dual nature of matter.

In qguantum mechanics a particle is described by a wave packet, which represents
and symbolizes all about particle and moves with group velocity.

According to Born’s probability interpretation “the particle may be found
anywhere within the wave packet”. This implies that the position of the particle
IS uncertain within the limits of wave packet. Moreover, the wave packet has
velocity spread and hence there is uncertainty about the velocity or momentum
of the particle. This means it is impossible to know where the particle is and what
Is its exact velocity and momentum.

Ap1s large
M \ M\Apis small
c") b \
< -
Ax1s small Axis large
Figure 1.2a : Narrow wave Packet Figure 1.2b :Wide wave

For a large wave packet with many crests the velocity spread is very small so that the particle
velocity can be fairly determined, but the position of the particle became completely uncertain.
On the other hand if we consider infinitely small wave packet the position of the particle
become certain but the velocity became quite uncertain.

Hence “it is impossible to determine simultaneously both the position and momentum (or
velocity) of a particle with accuracy”.

Statement of uncertainty principle: “The product of uncertainties in determining the
position and momentum of the particle at the same time instant is at best of the order of f ”

Ax.Ap > |

Where, h = —

h
2

Ax 1s uncertainty in determining position of the particle and Ap is that in
determining the momentum.
Proof of uncertainty relation

The position of the particle can be located anywhere in the wave packet, along
the x-axis the length of the wave packet is measured between two nodes (where
amplitude becomes almost zero).
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The amplitude of the wave can be given according to equation (1.9) as

2A co0s [%Wt — %x]

As 2A will never be zero

Aw Ak 1
2 2

oS {—t —

Or[—t——x]—g

Where n=0,1,2,3......

J‘Lwt .;"J m
2 2 2

_Jmt Ak 1 3T
2 2 ° 2

(2n+1)m
2
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Ar.Ap=h

or

Ax.Ap > |

This relation is universal and holds for all the canonically conjugate quantities
like position and momentum, energy and time, angular momentum and angle, etc.
whose product has a dimension of action (joule. Sec)

Thus if AE is the uncertainty in determining the energy and At is the uncertainty
In determining the time,

then we must have

AEAt > h

Similarly

AJ.AG > h

where AJ is the uncertainty in determining the angular momentum and A is the
uncertainty in determining the angle.

The exact statement of uncertainty principle is: “The product of uncertainty in
determining the position and momentum of the particle can never be smaller

than the number of order Zh—n”
Ar.Ap = hf2w
AE.At = hf2n

AJ.AG > hf2w

Uncertainty Relation for energy and time

Uncertainty relation in term of position and momentum is

h

2

Ardp =

consider a free particle of mass ‘m’ moving with velocity ‘v’. Its kinetic energy
IS
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1 " pg
EF=-myr=—
2 2m

where p =mv (momentum of particle)

uncertainty in energy is given by (differentiating above equation w.r.t. p)

AE  2p
Ap ~ 2m
AE — ﬂ—‘h”Z muAp

I It

AE— (2% A
R AN P
AF AL = Ar.Ap

AS

therefore

AE A = —

2

> Application of Heisenberg’s Uncertainty Relation

(i) Diffraction due to single slit
The width of the slit is the limit of uncertainty in locating the particle at the time
of crossing the slit. According to diffraction theory the first order minimum is
obtained as -

Ay sing = | (asind =2)

Let p be the momentum of electron moves in x direction after diffraction the
electron deviates from the initial path and acquires a y- component of momentum
lies between p sin(-6 ) to p sinb
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Hence the uncertainty in measuring the momentum is

Ap, = psinfl — (—psinf)) (asp=h/))
/

Ap, = 2psinl = Eimﬁm‘i

From above equations, we have
h

D—sinf

Ay Ap, =

sint

Ay.Ap, = 2h

Thus, the product of uncertainties in position and momentum is of the order of
Plank’s constant.

Ay.Apy = 20

(ii) Electron microscope

Limit of resolution of microscope depends upon the wavelength of light used to
illuminate the electron and is given by

A
Ar = _
2sint

Where Ax represents the distance between two points which can just be resolved
by the microscope and hence it represents the uncertainty in determining the
position of particle, q is the semi vertical angle of the cone of light. To minimize
the position uncertainty, we must use the radiation of shortest wavelength, such
as v ray involves the Compton Effect where the electron experiences recoil.
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In order to observe where the electron is one of the incident photons must strike
then electron and scatter into microscope. When the photon bounces off into the
microscope, it transfers momentum to the electron the amount of momentum
transferred being uncertain due to definite aperture of the microscope.

When a photon of initial momentum p = h / A after scattering enters the field of
view of microscope it may be anywhere from -0 to 0.

Pcos &

—{- }-
—Psing Psind

Therefore the x component of momentum of y ray photon of wavelength A can
have in between p sin (-0) to p sin(6).
Thus uncertainty in the momentum transferred to electron in x direction

Apy = psinfl — (—psint)
Ap, = 2psint
I
Ap, = '.E—J.wﬁuﬂ
A
using above equations, the product of uncertainty in position and momentum is

A /
Ar.Ap, = :

—— 2 —sinfl
2sint

Ar.Ap, = h
Ar.Apy = h

I.e., the product of uncertainty of x component of momentum of the electron and

the uncertainty in its position along x axis is of the order of h which is greater
than h / 2p.
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(ii1) Nonexistence of electron in the nucleus

The radius of the nucleus for any atom is of the order of 101*m, so the uncertainty
in its position is greater than 101 m.

According to uncertainty principal

Ar.Ap = h

where AX is uncertainty in position and Ap is uncertainty in momentum and joules
sec.

6.6X 10"
2X3.14
(AX)max = 104 m

Ilf .
h— )_’ _ = 1.055X10™* Joules.Sec
LT

1.055X10~%

Ap = SN0 -3.ETSX1[]_2111;'g.}}1f.w
)2
Kke=2
2m
(5.275X10° )2
= ———————Joules a1
2X1.9X10 as mass of electron m=9.1 X 10~ Kg

(5.275X10721)2 .
5 ey
2X1.0X1031 X1.6X10°19

=9.7 x 10" eV (approx.)
=97 MeV

The Kkinetic energy of an electron is found as the order of 97 MeV. But
experimental observations show that the electron has the maximum Kkinetic
energy of 4 MeV, therefore the electron does not exist in the nucleus.
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G. Wave Mechanics

In guantum mechanics the motion of an atomic particle is described by the wave
function .

Thus, we say that the wave function determines the entire space-time behaviour
of a quantum particle.

The so-called wave function describes the state of the electron (or any physical
system). Usually the Greek letter psi (or sometimes @) is used, and in general ¥
(x, Y, z, t) or ¥(7.t) or in one-dimension ¥ (x, t).

The values of ¥ are usually complex numbers.

However, ¥(7,t) has no physical significance as it is not an observable quantity.
The square of absolute magnitude is proportional to the probability of finding the
particle there at that time.

P = [p(7,1)]* = w(r )" (71)
where

" (1,1 is complex conjugate of ¥/(7t)

I
) . - P = |-'.'I:F,a‘._]|2{f.a'
To find the particle somewhere in given space J—x must be
finite

/. |L'|2rf.a' =1
If J-=

The wave function satisfying above equation is said to be normalized and this
condition is called Normalization Condition

Properties of wave function

1. The wave function must be finite.
2. The wave function is single valued
3. The wave function and its all derivatives are continuous

What is the physical meaning of the wave function W for a particle?
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The wave function describes the distribution of the particle in space. It is related
to the probability of finding the particle in various regions. If we imagine a
volume element dV around a point, the probability that the particle can be found
in that volume element is measured by | ¥ [dV.

The so-called probability density is

p=[¥P=w* ¥

The probability of finding a particle in an arbitrary volume is the integral of the
probability density:
p(V)=[pdV =[|¥|2dV

One can have the information only about where the particle is likely to be, not
where it is for sure.

Principle of superposition:

If w1 and y2 are possible wave-functions of the system, then the
Y=ci1¥i+C ¥,

linear combination is also a possible wave-function.

Operators

The observables, i.e. those physical quantities which are dynamical variables (i.e.
not constants like m or q) are represented by linear operators, denoted by ‘“hat”
on the top of the letter: A
To obtain specific values for physical quantities, for example energy or
momentum, you operate on the wavefunction with the quantum mechanical
operator associated with that quantity.
In linear algebra, an eigenvector of a square matrix is a vector that points in a
direction which is invariant under the associated linear transformation (eigen here
Is the German word meaning self or own). In other words, if Z is a nonzero vector,
then it is an eigenvector of a square matrix A if Az is a scalar multiple of Z.
Similarly, in case of functions, f is an eigenfunction of an operator A if the action
of that operator is only a multiplication of that function by a number:
Af(x)=af(x)
where a is a real or complex number.

For example, :—x is a linear operator and if f(x) = e%* then
L fx) =< {e™}=ae =af(x)
dx dx

Therefore, this f(X) is an eigenfunction and the eigenvalue is a.
A number a can be the value of an observable only if a is an eigenvalue of the
operator A which represents the observable. We have 2 cases:
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1. The wave function of the system is an eigenfunction of A i.e. the system is an
eigenstate of the operator. In this case the value of any (precise) measurement of
the physical quantity will be a.

2. The wave function of the system is not an eigenfunction of different numbers.
For example, the system has the wave function

Y=c1¥1+C ¥

which is a combination of eigenstates, i.e.

AP =a Viand A ¥, =a, ¥,

Now the result of the measurement can be different numbers. We will measure
with probability |c1|?> and with probability |co|*.

The eigenvalues an may be discrete, and in such cases, we can say that the

physical variable is "quantized" and that the index n plays the role of a "quantum
number" which characterizes that state.

Quantum Operators

An operator is a rule by means of which a given function is changed into another
function. The measurable quantities like energy, momentum, position, etc. are
called observables. Each observable has a definite operator associated with it.

1. Position Operator
As the first example, there is an x-position operator, which is a simple

multiplication:

I
A=X

It turns the wave function ¥ into xV.

2. Momentum operator:

Instead of a linear momentum p, = mVv,_ there is an x-momentum operator

.
~ ho
p.\' __ -~
I OX
similarly
. ho . ho . A
Py=—%, Pp=- 4 and y=y., Z==Z-,
' ioy i oz

The kinetic energy in classical physics:
2
— £ _

— 1 2 1 2 2 2
T_En?v T 2m _E(p\ +p1 +p:)
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In three dimensions, the momentum operator is given by -

.
P o="A

)
3. Energy operator:

) }
E —ihi—
it

4. Kinetic Energy Operator

The kinetic energy 1n classical physies:

_ 12 _ P 12 2 2
T_E}nv T 2m _’-’m(p.\' +p‘1' +p:)

In quantum physics:

~

Tzﬁ(ﬁx}}x+ﬁ;'py+pzn )

=Llpe(re)prafre)re(zg)=
2m Li & \i ox i

a \i & i & \i &
2( 2 > 2 2 ‘) 2 2
1 i\~ |.& & [ — hn- | & a- a1 — Ji©
e (_) =+ 2 + 2 - 95 2 + 2 + 2 ] — T 4,
2m |\ i A2 a> 22 m\ 52 &’ &> 2m

T=-1A

2m

5. Hamiltonian Operator

The potential energy of a particle depends on the position of the particle, thus the operator is
the multiplication by the potential function:

\A/l//(x, yv.z, )=V (x, v, z. t)-w(x, v, z, 1)

Following the Newtonian analogy. the total energy operator, indicated by H, is the sum of
the kinetic energy operator and the potential energy operator V :

2

~

H=——A+V"

2m
H is called the Hamiltonian.
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H. Schridinger Wave Equation

Schrodinger wrote his famous equation to describe the motion of the electron.
Schrodinger wave equation, is the fundamental equation of quantum mechanics,
same as the second law of motion is the fundamental equation of classical
mechanics. This equation has been derived by Schrddinger in 1925 using the
concept of wave function on the basis of de-Broglie wave and plank’s quantum
theory.

The Schrodinger equation (also known as Schrédinger’s wave equation) is a
partial differential equation that describes the dynamics of quantum mechanical
systems via the wave function. The trajectory, the positioning, and the energy of
these systems can be retrieved by solving the Schrédinger equation.

All of the information for a subatomic particle is encoded within a wave function.
The wave function will satisfy and can be solved by using the Schrodinger
equation. The equation is one of the fundamental axioms that are introduced in
undergraduate physics. It is also increasingly common to find the Schrédinger
equation being introduced within the electrical engineering syllabus in
universities as it is applicable with semiconductors.

Unfortunately, it is only stated as a postulate in both cases and never derived in
any meaningful way. This is quite dissatisfying as nearly everything else taught
in undergraduate quantum physics is built upon this foundation. In this article, we
will derive the equation from scratch and I’ll do my best to show every step taken.
Interestingly enough, the arguments we will make are the same as those taken by
Schrodinger himself so you can see the lines of thinking a giant was making in
his time. As a reminder, here is the time-dependent Schrédinger equation in 3-
dimensions -

L0 —h? 9 P s
ffaml]ru,i_]: m? +VI(F )| B(F )

For Free Particle

If there are no external forces, then the particle is said to be free and for the free
particle V = 0. Therefore, time dependent Schrodinger wave equation for the free
particle in three dimensions —

I.(j . — .'j a .
h—W(r t) = — V(5. t
: J(’H ) 2m 7 t)
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Schrodinger Wave Equation Derivation (Time-Dependent)

Considering a complex plane wave:
‘P(I‘, t) _ Aei{ku:—wt} '
Now the Hamiltonian of a system is

H=T+V

Where ‘V’ is the potential energy and ‘T’ is the kinetic energy. As we already

know that ‘H’ is the total energy, we can rewrite the equation as:

pz
E = 2_?’?"3 + V(:IT)

Now taking the derivatives,

% = —iwAe' N = —jwl(z,t)
2

aﬂ 5 = —k? A’k — k(2 t)
T

We know that,
p= 2th and k = 2¢

A A
where ‘A’ is the wavelength and ‘k’ is the wavenumber.
We have

_ P

.

Therefore,
9 2
— = — P U(z,t).
Now multiplying ¥ (x, t) to the Hamiltonian we get,
2

EU(z,t) = 2 O(a,t) + V(z)¥(z,t).
2m
The above expression can be written as:

—h® 9°0

2m Ox?

E¥(z,t) = + V(x)¥(z,t).
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We already know that the energy wave of a matter wave is written as
F = hw,
So we can say that

!

EY(xz,t) = U(x,t).

— W
Now combining the right parts, we can get the Schrodinger Wave Equation.

or  —h* 9*w
] = ! AW (x, t).
ih 5 o B2 Viz)¥(z,t)

This was the Derivation of Schrodinger Wave Equation (time-dependent).

The Time Independent Schrdodinger Equation

Second order differential equations, like the Schrédinger Equation, can be solved
by separation of variables. These separated solutions can then be used to solve
the problem in general.

Assume that we can factorize the solution between time and space.

Pz, t) = w(x)T'(¢)
Plug this into the Schrédinger Equation.

(_52 O2u(x) o1 (t)

ot

57 D22 —+ V(:s)u(:c)) T(t) = ihu(x)

Put everything that depends on x on the left and everything that depends on t on
the right.

=2
(sz T V(m)u(fﬂ)) ih 2L

(@) = T(t) = const. = F

Since we have a function of only x set equal to a function of only t, they both
must equal a constant. In the equation above, we call the constant E, (with some
knowledge of the outcome). We now have an equation in t set equal to a constant.
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(A

-4

=~ = ET(@)

which has a simple general solution,
—tEt/h
T(t) = Ce *Ft/
and an equation in x set equal to a constant

—h? 92u(x)
2m  Ox?

which depends on the problem to be solved (through V(x)).

+ V(z)u(xr) = F u(x)

The x equation is often called the Time Independent Schrodinger Equation.

—n2 2u(x)
2712 A2

Here, E is a constant. The full-time dependent solution is.

Pz, t) = u(x)e T

Application of Schrodinger Wave Equation

1. Particle in a One-Dimensional Deep Potential Well

Let us consider a particle of mass ‘m’ in a deep well restricted to move in a one
dimension (say Xx).

Let us assume that the particle is free inside the well except during collision with
walls from which it rebounds elastically.

The potential function is expressed as

V(x)=0 for 0<x<L
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V(x) =00 for x<0andx>L

V:OO v:
A A

(=]

Figure: Particle in deep potential well
The probability of finding the particle outside the well is zero (i.e. y = 0).

Inside the well, the Schrodinger wave equation is written as

2
i+ ——FEu =0

i
Substituting % = k2 and writing the SWE for 1-D
EI'}E\’_' ,I'Ef_ —0
We get, or?

The general equation of above equation may be expressed as —

v = A sin (kx + ¢)

Where A and ¢ are constants to be determined by boundary conditions
Condition I: We have w = 0 at x = 0, therefore from above equation

0 = A sin (¢)

AsA#0 thensin¢p=0 or ¢=0

Condition Il: Further w =0 at x =L, and ¢ = 0, therefore from above equation

0=Asin (kL)

Imtiaz Ahammad


https://sites.google.com/site/puenggphysics/home/unit-iv/particle-in-1-d-potential-box/Picture1.jpg?attredirects=0

As A #0 then sin(kL) =0 or kL =n=n
k = - wheren=1,2,34.......
Substituting the value of k, we obtain

(mr)g _ 2mE
L) R

This gives E = E;, (say)

nim2K?

FE._ =
" 2mL2 wheren=1,2,3,4, ...

From equation En is the energy value (Eigen Value) of the particle in a well.

It is clear that the energy values of the particle in well are discrete not continuous.

n=4 E =2k [mD
n=3 E, =9k [SmI’
a=b E, =h2/2mL2
n=1 E =K [8mI’

The energy values for an electronin a
potential box

Figure: Energy for Particle

Therefore, the corresponding wave functions will be

. . nTT
U=y lsay) = _Jl.w.nT

The probability density - | |* =

|L'|2 — _ngﬁngﬂ
L

The probability density is zero at x = 0 and x = L. since the particle is always
within
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Substituting A in equation (1.68), we get

(2 (nn‘m)
P =/ —8in | —
L L wheren=1,2,34, ...

The above equation is normalized wave function (Eigen function) belonging to
energy value E;.

v
/,_-\”\
A W }
x=0 =],
The allowed wave functions for an

electron trapped i a one dimensional
potential box

Figure: Wave function for Particle
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2. A free Particle

A particle is said to be free when no external force is acting on during its motion
in the given region of space, and its potential energy V is constant.

Let us consider an electro is freely moving in space in positive x direction and
not acted by any force, there potential will be zero. The Schrodinger wave
equation reduces to

Substituting, we get

2mE 12
k2

As the electron is moving in one direction (say x axis), then the above equation
can be written as -
9

Ot

=0

The general solution of the above equation is of the form y =y e 7't

The electron is not bounded and hence there are no restrictions on k. This implies
that all the values of energy are allowed. The allowed energy values form a
continuum and are given by -

HERE

2m

E:

The wave vector k describes the wave properties of the electron. It is seen from
the relation that E«/”. Thus the plot of E as a function of k gives a parabola.
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The momentum is well defined and, in this case, given by

Therefore, according to uncertainty principle it is difficult to assign a position to
the electron.

Solved Problems Quantum Physics
1. Calculate the wavelength associated with an electron with energy 2000 eV.
Sol: E = 2000 eV =2000x1.6x10%]

1
Kinetic energy (E) = Emw"‘ =L (or) p=~2mE
i

Lt 5 6.63x 107"

P N2ZmE [29151077 % 2000 x 1.6 10

im

. 6.63 % 107 _ 663x107H
2% 9.1 % 1.6% 2000 1077 24133 %1077

m

= 0.0275 » 107 m = 0.0275 nm
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2. An electron is moving under a potential field of 15 kV. Calculate the
wavelength of the electron waves.

Sol: V =15 kV =15x103 V

1.227 1.227 1.227
= i = , m = ' nm = 0.01 nm

A : = 1
N4 o 13000 122.47

3. An electron is bound in one-dimensional infinite well of width 1 x 10 m.

Find the energy values in the ground state and first two excited states.

Sol: Potential well of width (L) = 1x10m

o

E, = HEE};
el

For ground state n=1

5 [6.63x107] (663

= = - = *1077 ]
L OBml? 8x91x107M 107" %107 7 8x9] .

= 0.6038 x 10717]

06038 x 107
o) =— H{,—w eV =37.737 &V
bxl

For First state n= 2,

E,=4E,; =4x37.737 eV = 150.95 eV

And E3 = 9E; =9 x 37.737 = 339.639 eV
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