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PAPER -1 : ATOMIC AND NUCLEAR PHYSICS (SC-129)
UNIT-1: ATOMIC PHYSICS
Bohr model of Hydrogen atom, Spectral series of atomic hydrogen. Effect of nuclear motion, Frank-Hertz 
experiment. Sommerfield theory of elliptical orbits. Vector atom model, L-S and J-J coupling.
Structure of alkali spectra. Doublet fine structure. Stem-Gerlach experiment concept of quantum numbers and 
Pauli's exclusion principle.
X-Ray spectrum and its dependence on voltage, Duane and Hunt’s law, Characteristic X-Ray spectrum. Moseley's 
law. Doubled structure of X-ray spectra. X-ray absorption spectra.
UNIT-2: MOLECULAR PHYSICS
Discrete set of electronic energies of molecules, Types of molecular spectra', quantistion of vibrational and rotational 
energies. Determination of intemuclear distance, pure rotational and rotation-vibration spectra.
Dissociation limit for the ground and other electronic states. Transition rules for pure vibration and electronic 
vibration spectra isotope effect.
Raman Effect, Stokes and anti-Stokes lines. Complimentary character of Raman and infra-red spectra, 
experimental arrangement for Raman spectroscopy.
UNIT-3: QUANTUM MECHANICS
Origin of quantum theory : Failure of classical physics to explain the phenomenon such as black-body spectrum 
Planck radiation law, photoelectric effect, Einstein's explanation of Photoelectric effect.
Wave-particle duality, de-Broglie's hypothesis of matter waves, wave and group velocity, experimental 
demonstration of matter waves, quantization in hydrogen atom. Heisenberg's uncertainty relation for p and x and 
its extension to energy and time.
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expectation value, eigen value and eigen function. Solution of Schrodinger equation for a particle in a rigid one- and 
three-dimensional boxes, linear harmonic oscillator.
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Purity of a spectral line. Coherence length and coherence time, spatial coherence of a source, Einstein's 'A' and 'B' 
coefficients, spontaneous and induced emissions. Conditions for laser action, population inversion. Pumping 
process, Pulsed and tunable lasers. Spatial coherence and directionality, estimates of beam intensity, temporal 
coherence and spectral energy density. Population inversion in three and four level laser systems. Types of lasers 
Ruby laser, Helium-Neon laser.
UNIT-5: NUCLEAR PHYSICS
Interaction of charged particles and neutrons with matter working of nuclear detectors. Ionization chamber, 
proportional counter, G.M. counter and scintillation counter.
Structure of nuclei, basic properties angular momentum, purity, magnetic dipole moment electric quadruple 
moment, general concept of nuclear forces, Alpha decay and Beta decay.
Nuclear reactions, Q-value of nuclear reaction. Theories of nuclear reactions-compound nucleus.
Liquid drop model, fission and fusion (concepts). Shell model.
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ATOMIC PHYSICS

STRUCTURE
• Hydrogen Spectrum - -
• Bohr's Theory (a) Spectral Series of Hydrogen Atom, (b) Shortcoming of Bohr’s Theory
• Sommerfeld's Extension of Bohr's Model
• Excitation and Ionisation Potentials of an Atom
• Franck and Hertz Experiment
• Electron Spins
• Coupling of Orbital and Spin Angular Momenta (Vector Model of the Atom)
• LS. and J-J Coupling in Multi-electron Atoms
• Spectra of Alkali Atoms
• Characteristics of Alkali Spectra
• Fine Structure in Alkali Spectra
• Stern-Gerlach Experiment
• Quantum Numbers
• Pauli’s Exclusion Principle
• X-Rays
• X-Ray Spectra
• Continuous X-Ray Spectrum
• Daune and Hunt Law (Maximum Frequency Limit)
• Mosley Law
• X-Ray Absorption Spectra

• Summary 
\ • Test yourself

• Answers , .

/

LEARNING OBJECTIVES

After learning this chapter, you will be able to know......................................................
• Different spectral Series of hydrogen atom.
• Sommerfeld's Extension in Bohr’s model of Hydrogen Atom. .
• Measurement of excitation potentials of different atoms.
• Vector model of the atom.
• Different couplings in multi-electron atoms
• Different series characteristics and fine structure of alkali spectra. —
• Existence of electron spin.
• Discussion about quantum numbers.
• Paul's exclusion principle.
• Production and discussion about continuous X-rays spectrum and X-ray absorption 

spectrum.

/•

• 1.1. HYDROGEN SPECTRUM
When a beam of white light is passed through a prism then it splits into its 

constituent colours. This is known "spectrum" of white Light.
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Similarly when H atom is excited i.e., energy is given from outside its electron 
reaches in higher energy level. It remains there 10”® second and then comes back in 
lower energy level. In coming back it emits energy in the form of radiation. If this 
radiation is passed through prism then a line is obtained. Since, in the substance of 
Hydrogen there are millions of atoms and hence millions of electrons. So a large 
number of lines are obtained in different regions and in the dark background. These 
lines are called , Hp , Hy , Hg .... lines. The brightness and the separation between 
them decrease regularly and converge to a limit, known as 'series limit'. They are :

1. Lyman series 
3. Paschen series 

5. Pfund series

Atomic Olid Nuclear Physics

2. Balmer series 
4. Brackett series

The wavelength of lines in these series can be given by :
r 1 n1. For Lyman series : where n =2, 3,4,= R „2 '71 J

m

R is known as 'Rydberg constant' and it has the value R = 1.097 x 10 / meter.

It lies in the ultraviolet region.
1 12. For Baimer series: — R where n = 3,4, 5

It lies in visible part of the spectrum.
The , /fp , Hy , .... lines in this series (6663A) has the longest wavelength;

the next Hp , and so on.
The series limit lies at 3646A..

eo
CO

CO
CO
CO10

CO
COeoTj*

Hp Hy Hg Series limit Hoo 
Balmer Series of Hydrogen 

Fig. 1.

Ha

r 1 ■ n 
I323. For Paschen series: - -R where n = 4, 5,6,

X

It lies in the infra-red region. 

4. For Brackett series : - = i?
.\r 1 1 where ^ = 5,6, 7,X

It also lies in the infra-red region.,
1 ( I 1 '5. For Pfund series :-= f? ——^n^)

It also lies in the infra-red region.
Hydrogen atoms are present in the Sun. Hence hydrogen spectral series are found in 

the solar spectrum.

where ^ = 6, 7,8,

• 1.2. BOHR'S THEORY
In 1913 Bohr gave a model for. the H atom. For this he made the following 

assumptions:
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1. The electron in an atom can revolve only in those orbits for which the angular 

momentum L of the electronis an integral multiple of
2 71

This is also known as law of quantisation of angular momentum of electron.

Atomic Physics

where h is Planck's constant.

nhmvr -i.e.,
2;r

where n. = 1, 2, 3,.... . n is known as Principle Quantum No.
2. When an electron is in one of these orbits it does not radiate energy. In this 

position the atom is said to be in a stationary state.
3. When energy is given from outside i.e., atom is excited the electron reaches in 

higher energy level after absorbing the radiation, where it remains 10"® second and 
then comes batk. In coming back it emits the energy in the form of radiation.

The electron emits or absorbs the energy equal to the difference in energies between 
the initial and final states i.e..

El % E2 = hv
Bohr's (or EinsWn's) Frequency condition.This is known as 

Here is the energy of the initial orbit and Ef that of final orbit.
With these postulates the different characteristic of the electron like energy, 

wavelength, radius of orbit can be determined.
Let an electron of mass m, charge Ze, is revolving in orbit of radius r around the 

nucleus of charge Ze with velocity u then
1 Ze^ -- 

47180 . '
The force of attraction Fe =

^ = 1 for H atom.
1Fe = -(1)r247160

It provides centripetal force to electron
2mvF =■‘■C ...(2)

r

From equations (1) and (2)

r2 47180 ' r2
mv

2 ...(3)mv
47t8o r

From the first postulate angular momentum of electron is given by
mvr = nh

...(4)
2h

where n = 1, 2, 3, ....
Squaring equation (4) and dividing by equation (3)

2n - 
Time

-(5).r -

This is expression for the radius of the permitted orbits, known as Bohr's radius. 
From above it is clear that r oc n^ i.e., the radii of permitted orbit are in the ratio of 

Thus the radius of the second orbit is four times the radius of the first1 : 4 : 9:16 
orbit.

The energy of the electrons in the orbit E ^K.E.+P.E.

K.E.= —mu 2 [From equation (3)]
2 _ Stiso r

Self-Instructional Material 3
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Atomic and Nuclear Physics
P.E.= -

Hence, the total energy of electrons
E = K + U

Stieq r 4mQ'r 

Stteq r
Put the value of V from equation (5)

E^-

■r-

E = ~

2e2 Time
STieo
me^ (^

...(6)E=-

where n -1, 2. 3, ...
This is the expression for the energy of electron revolving in the nth orbit. The 

negative sign of the energy shows that energy is required to take an electron away from 
the nucleus. It means that the electron is bound to the nucleus and can escape from the 
atom.

Let El and E2 be the energies of the electrons corresponding to the initial (higher) 
and final (lower) orbit of excited atom. Then, we have

Ei =
4 1me

4 1me
E2 ~ ~and

where rii and n2 are the corresponding quantum numbers. The energy difference 
between these states is

*^2 J

4 1 1meEl — E2 =

Hence, from Bohr's second postulate, the frequency 'v' of the emitted photon is
El - E2

n?1 J

V s
h

4 1 1me
8e^h^

The corresponding wavelength' X! is given by
1 V
X" c

«2
^"2 1;

4 1 1me
8e^ch^ n?-I 1 >

V 2 1

...(7)

4 !me — is known as Rydberg constant.
3

where, B =
SSqcIi

* 1.2. (A) SPECTRAL SERIES OF HYDROGEN ATOM
When hydrogen atom is excited i.e., energy is suppHed to hydrogen atom from 

butside the electron of H-atom reaches in higher energy level, where it remains 10“® 
sec. and then comes. In coming back it'ernits the energy which is equal to the difference
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Atomic Physicsof between the two orbits. If the electron jumps from rii orbit to n.2 orbit then the
wavelen^h of the radiation emitted by electron is given by

/ \ •
1 1 

“2----- 2

The various series in hydrogen atom can be explained from the above formula.
(i) Lyman Series : When the electron jumps from higher energy orbit to first 

energy orbit (ground orbit) then this series is obtained. Thus Lyman series is obtained 
when ^2 = 1 and n = 2, 3, 4, 5, ...

It lies in the ultraviolet region of the spectrum.
(ii) Balmer Series : When an electron jumps from higher energy orbit to Ilnd

energy orbit then this series is obtained. Thus Balmer series is obtained when n.2 = 2 
and ni = 3, 4, 5, 6,....

It lies in the visible region of the spectrum. ^ .
(iii) Paschen Series : When an electron jumps from higher energy orbit to Illrd 

energy aorbit then ths series is obtained. Thus Paschen series is obtained when ^2 = 3 
and n-i =4, 5, 6,...

It lies in the infra-red region of the spectrum.
(iv) Brackett Series : When an electron jumps from higher energy orbit to IVth 

energy orbit then this series is obtained. Thus Brackett series is obtained when n.2 = 4 
and Til =5, 6.

It lies in the infra-red region of the spectrum. '
(v) Pfund Series : When an electron jumps from higher energy orbit to Vth energy

orbit then this series is obtained. Thus P-fund series is obtained when n2 = 5 and ni = 
6, 7.....

X

n = 00 E = 0an = 5
n = 4 
n = 3 I

n = 2 7

Series
limit

Energy

n = 1

Paschen Brackett 
series

Lyman
series

Balmer
series

Fig. 2.
senes

It lies in the infra-red region of the spectrum.
The energy level diagram of hydrogen atom-isThown in the Fig. 2. When n = oo the 

energy becomes zeroo which is the energy of the electrom outside the orbit. The ground 
state (for n -\) corresponds t. The lowest energy state while the zero energy level (for 
n = oc) represents a state of maximum energy. The groups of arrows drawn from higher 
to lower energy levels represents the various series.

Self'Instructional Material 5



Atomic and Nuclear Physics • 1.2. (B) SHORTCOMINGS OF BOHR'S THEORY
Bohr's theory although very successful in explaining the hydrogen spectrum. But 

failed to explain the following faults :
1. Each line of hydrogen spectrum is accompanied by a number of faint-lines. This is 

known as fine structure of spectral lines and it could not be explained by Bohr’s theory.
2. Bohr's theory can not explain the variation in intensity of the spectral Unes of an 

element.
3. Bohr's theory is not appHcable for those atoms containing more than one valence 

electron.
4. Bohr's theory does not give any method of distribution and arrangements of 

electron in atom.
5. Bohr's theory could not explain anamolous Zeeman effect, Stark effect etc.

• 1.3. SOMMERFELD'S EXTENSION OF BOHR'S MODEL
According to Bohr's theory each line of Hydrogen.spectrum is a single Une. But in 

reality each line is accompanied,with a large number of faint lines with slightly 
different frequencies. This is called the 'fine structure' of spectral lines. Thus the 'fine 
structure' could not be explained by Bohr's original theory. To explain the 'fine 
structure' of spectral lines, Sommerfeld extended Bohr's theory. According to 
Sommerfeld electron moves in elliptical orbits alsoo (with Bohr's circular orbits), while 
nucleus is at one focus of the atom (Fig. 3). Now let us consider an electron of mass m 
and charge e, moving an elliptical orbit of radius distance r. The position of electron may 
be described by polar co-ordinates r and 0, 0 is the azimuthal angle. Thus electron has 
two degrees of freedom and according to Sommerfeld each of these degrees of freedom 
must be quantized separately.

!

Electron 
m, e-/

(+Ze)
P Qfr

b 1
Nucleus

Fig. 3.

If Pq and P,. are the angular and radial momenta of the electron then according to 
Wilson Sommerfeld quantisation rules, we must have

f2n
Pq dQ=kh

* 0

P^ dr = fir h

• ••(1)

...(2)

where k = l,2, 3,... is called angular or azimuthal quantum number where ^ ^ -f-1 and
Z = 0 to (n. -1).

n,. = 0,1, 2,... is the radial quantum number.
The rMial and orbital angular momenta of electron

nPj. = mvr = m.

are given by

= mr
dt •••(3)

2 dQ = mr^QPq =mvr =mr(o = mr^ .
dt

From (1)
^2n ■

Pa dQ = kh
Jo

ZtiPq = kh
kh

Pq = ...(4)
2n
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Atomic PhysicsThis condition is same as Bohr's quantum condition for circular orbits. Now again 
from (3)

drPj. = mf = m
dt
dr dQ 
dQ dt

^ drPj. = m. = m0
dB

Pe - mr^Q

( Pq] dr
2 I dQ

and
mr^ y

PrSO
\mr

r2 'dQ
...(5)Pr =

On substituting the value of (4) and (5) in equations (1) and (2), it can be proved'that
k b
n a

where a and b are the semi-major and semi-minor axes of the ellipse, 
where n =k + nr
n is known as principal or total quantum number.

This is the condition of the quantization of elliptical orbits. Hence "Only those 
elliptic are allowed for the electron for which the ratio of the minor to major 
axis is the same as that of the two quantum numbers k and n."

Total energy of electrons : Let us now calculate the total energy of an electron in 
a quantised elliptic orbit.

Total energy = K. E. + P. E.
E^K^V
K = — mv

...(6)
2where

2
- + (>*0 )

-m(f^ +r^^)
2

K =

^0 =rco
1 Ze^ 

4Treo r
dQ(For H atom 2 = 1) Vfi =rV = -and
dt

V. =rQ

47180 ^
Put the value of if and V in equation (6)

V = -

1— m(f^ +r^9^)-
2

E =
47180 ^

9 *From equation (3), P,. = rhr and Pq = mr Q
P} 1

47180 r
- + ^ - 
2m

E =So

again from (5)
P2 /1 j ^ 21 dr 

dQy
1eE = + 1

2mr^

On solving after using the properties of ellipse

47180 r

4meE = -

RhcP=-

Self-Instructional Material 7
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3
Atomic and Nuclear Physics where i? is Rydberg constant 

and given by
4meR =

This is the total energy of electron in elliptical orbits, which is same as for the Bohr's 
circular orbits.

Thus, the Sommerfeld theory of elliptical orbits could not introduce only new energy 
states for the H-atom. But this theory proved that electron can move in number of orbits
with the same energy..

Now for a given value of n(Ti = k+nr), k can take n possible different values
mven n, there are n orbits of different(/z = 1, 2, 3,This means that for a

/ b keccentricities according to condition — =— which can be occupied by the electron.
a nj

Thus, there will be different ellipses for different values of k.
Relativistic correction to Sommerfeld elliptical orbits: In order to explain the 

observed fine structure of spectral lines Sommerfeld used special theory of relativity. 
According to special theory of relativity the mass of electron with velocity v is given

' by
mom =

.2

f
where mo is the rest mass.
i.e., mass m changes with velocity v. When electron passes close to the nucleus in elliptic 
orbit its velocity increases and hence mass increases. This makes the energy electron in 
a more elUptic. Thus the different fe-orbits with a given n have slightly dfferent 
energies. This was also proved by Sommerfeld according to formula

i_j_V
^3 4ti)
2 2/ z aE = -Rhcz^ —

a is a pure number, known as 'fine structure constant'.

Explanation of Fine Structure
Now we can explain the fine structure of Balmer 

series line). It is obtained when electron jumps from / 
the n. = 3 to n. = 2 level.

For n=3, k = l + l and i = Oto (n- -1).
So ; - 0,1, 2.
Hence k~l,2, 3.
Similarly for n = 3, = 1, 2,....

r \

s /

Fig. 4
k = 3

k = 2
n = 3

k= 1

k = 2
n = 2

k= 1

H<j-Line

\Fig. 5
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Only those transitions are possible which obey selection rule Ak = ± l.Thus, there 
are three possible jumps, showing that -line actually consists of three components 
and it is shown in Fig. 5.

Bohr-Sommerfeld theory could only explain the fine structure of line of Balmer 
series and also the singly ionized helium atoms lines. It could not explain the 
intensities of spectral lines.

The rest shortcoming like Zeeman effect, Stark effect, distribution and arrangement 
of electron etc. were further explained by using a new model, known as vector atom 
model.

Atomic Physics

• 1.4. EXCITATION AND IONISATION POTENTIALS OF AN ATOM
When an electron in atom is given energy from outside i.e., atom is excited then it 

reaches in higher energy level. The atom is then said to be excited. The minimum 
energy or potential given to electron from outside to excite the atom is known 
as excitation potential or energy. This excited states remain only for about 10 
second often which the electron jumps back to the minor level, emitting the absorbed 
energy in the form of electromagnetic radiation.

When the electron in the atom gains sufficient energy so as to escape completely 
from the atom, the atom is said to be ionised. In this position the minimum energy 
or potential given to electron from outside to ionise the atom is known as 
ionisation potential or energy. All these together are called the "critical potentials" 
of the atom. *

For example, in the case of Hydrogen atom the energy of the n.th orbit is given by
13.6 „ eV.
n

-8

En =

where n =1,2, 3,
For 1st (n = 1), 2nd (n = 2), 3rd (n = 3)... oo energy levels the energies come out to be 

-13.6, - 3.4, - 1.51 .... 0 electron-volts respectively. The energy supplied to the atom to 
raise an electron from the first to the second orbit is (13.6- 3.4) = 10.2 eV,from first to 
the third orbit is (13.6 — 1.51) = 12.09 eV and to ionized state is (13.6 - 0) = 13.6 eV 
Thus, 10.2, 12.09 .... eV are the excitation potentials, while 13.6 eV is the ionisation 
potentials of atoms of different elements. All these are also known as the "critical 
potentials of the atom".

CO.

• 1.5. FRANCK AND HERTZ EXPERIMENT
To measure the excitation potentials of different atoms and to show that atoms have 

discrete (definite) energy levels : Franck and Hertz performed an experiment.

Principle
The principle of the experiment is based upon the fact that a bombarding electron 

which has transferred some of its energy to the orbital electron moves slowly and can be 
stopped by a smaller retarding potential.

Working
The apparatus is shown in the Fig. 6. It consists of a glass tube in which the gas 

(vapour) of the element whose excitation potentials are to be determined, is filled.
F is the filament, G is the grid and P is the plate. An accelerating potential V is 

applied between F, G and a, small fixed retarding potential Vq is applied between G and
P.

When the filament is heated electron emit and they are accelerating between F and 
G by the potential V. These accelerated electrons are retarted between G and Pby the 
potential Vq . The energies of electrons between F and G as eV and between G and P is 
eVo. Only those electron having energies greater than bVq at G are able to reach P. The

Self-Instructional Material 9
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G- O-"Sf P

H I N-

Fig. 6

current is noted by an ammeter A. A graph is plotted 
between current and accelerating potential V as shown c 
in the Fig. 7.

Explanation of the curve
Electrons are emitted from F to a range of small 

energies. In the beginning they acquire a small 
additional energy (eV) on reaching G. Those electrons 
whose energy is now greater than bVq reach P, and a 
current is obtained. As the accelerating potential V is increased, more and more of the 
electrons arrive at the plate and the current rises. Between F and G the electrons 
collide with the gas atoms. But since the electron energies are not enough to excite the 
atoms, the electrons do not lose energy in these (elastic) collisions.

When the accelerating potential V becomes equal to the first excitation potential V,, 
of the gas atoms, the electron energy at G is eV^. The electrons can now suffer inelastic 
collisions with gas atoms near G and excite them to an energy level above their ground 
state. The electrons which do so, lose their energy and are unable to reach F against the 
retarding potential. Hence the current drops sharply. Thus, the position of the first 
peak gives the excitation potential V^. of the gas atoms.

As the accelerating potential V is increased further, the electrons suffer inelastic 
collisions nearer and nearer to the filament F; so that when they reach the grid G, once 
again they acquire enough energy to reach the plate P. The current thus begins to rise 
again. When V becomes equal to 21^^, a second inelastic colhsion occurs near the grid 
and the current drops again. Thus, the second peak gives 2^^. This process repeats as V 
is further increased.

The first peak occurs at a potential sUghtly less than V^. This is because electrons 
are emitted from the filament with a finite velocity and hence with some energy. The 
true excitation potential is obtained by measuring the difference between two 
successive peaks.

Limitations : (i) Atoms have more than one excitation potential and an ionization 
potential. Hence the experimental curve is qmte complicated. This method is not able to 
distinguish between excitation and ionization potentials.

(ii) The actual value of critical potential is slightly lower than the observed value 
because the velocity of emission is not zero.

(iii) The method is not suitable for strongly electro-negative gases like oxygen and 
fluorine because these gases attract electron strongly.

Demonstration of Existence of Discrete Energy Levels
Franck and Hertz experiment shows that the electrons transfer energy to the atoms 

in discrete amounts and that the atoms can not be excited if the accelerated electrons 
possess energy less than eV^,. Thus a particular spectral line does not appear until the 
electron energy reaches a threshold value.

For example in the case of Mercury vapovir, it shows dips at 4.9 eV, 6.7 eV, 8.9 eV. 
These dips are of the excitation and fourth of 10..4 eV is of ionization. Thus, Franck

g
3
O

0 Vc 2Vc 3Vc
Accelerating Poential V

Fig. 7
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Atomic Physicsand Hertz experiment clea*rly shows that the gas atoms accept energies in 
discrete amounts and hence the concept of energy quantization is proved.

• TEST YOURSELF
1. Deine excitation and ionisation potentials of an atom.

2. What are the Umitations of Franck and Hertz experiment ?

• 1.6. ELECTRON SPINS
The fine structure of even the first line of the Balmer series could not be 

completely explained by Sommerfeld's relativistic atom model. The model failed 
completely in the case of complicated systems like Sodium, Magnesium.

In order to put satisfactory explanation of three complicated phenomena, 
Uhlenback and Goldsmith in 1925, introduced the idea of spin motion of electrons, 
according to which the electrons in an atom, besides moving in their orbits, also revolve 
around their axes similar to the planets in the solar system. The electrons thus undergo 
two types of motions : the Orbital motion and the Spin motion.

Corresponding to the orbital motion, the electrns, possess a mechanical angular 
momentum and a magnetic moment. The spin motion gives rise to a new moment — the 
spin angular momentum and a new spin magnetic moment as well. Hence one finds two 
mechanical and two magnetic moments associated with every electron in the atom. A 
combination of the two mechanical moments gives rise to a resultant angular moment. 
The interaction between the two angular momenta gives rise to the multiplet structure 
of spectral lines, while the fine structure of spectral lines is a result of the interaction 
between the two magnetic moments.

• 1.7. COUPLING OF ORBITAL AND SPIN ANGULAR MOMENTA (VECTOR 
MODEL OF THE ATOM)
The total angular momentum of an atom results rom the combination of the orbital 

and the spin angular momenta of its electrons. Since angular momentum is a vector 
quantity, we can represent the total angular momentum by means of a vector obtained 
by the addition of orbital and spin angiilar momentum vectors. This leads to the vector 
model of the atom.

Let us consider an atom whose total angular momentum is due to a single electron. 
The magnitude of the orbital angular momentum L of an atomic electron is given by

Self-Instructional Material 11



L=4T(in)~Atomic and Nuclear Physics
2n

and its 2-component.
h

Lz = mi 2̂n '
where I is orbital quantum number and mi is the corresponding magnetic quantum 
number with values

mi ,-l + 1,-1

Similarly, the magnitude of the spin angular momentum S is given by

s=Vi(ITi) A
2n

hand its 2-component Sg = m
^ 2n

where s is the spin quantum number (which has the sole value + 1/2) and is magnetic
f 1 ''spin quantum number m^ = ± — = ± s
V 2

The total angular momentum of the one-electron atom, J, is the vector sum of L and 

S, that is

J = L+S

The magnitude and the 2-component of J are specified by two quantum numbers j 
and my. According to the usual quantisation conditions

J =V7(7TI) ~
2n

hJ, = mj

j is called the 'inner quantum number' and m.y is the corresponding magnetic quantum 
number. The possible values of my range from +y to -yin integral steps :

mj =j,j^l,
Let us obtain the relationship among the various angular momentum quantum 

numbers. Since Jg, Lg and Sg are scalar quantities, we may write
Jg=Lg±S
mj =mi± mg.

and

Z ’

This gives

l

1j = / - s = —2J

Fig. 8

The maximum values oi mj, mi and are j, I and s respectively. Therefore, we
have

j = l± s.

12 Self-Instructional Material



Atomic Physicss

Since J, L and S are all quantised, they can have only certain s

specific relative orientations. In case of a one electron atom, there 
are only two relative orientations possible, corresponding to

so that 
so that

J>L 
J <L

J = L + S, 
J = L-S,

V/ \ ' tand

The two ways in which L and S can combine to form J (when {/
V

Z = 1, s = -) are shown in Fig. 8.
2 y

The angular momentum of the atomic electron L and S,

interact magnetically; which is known as ’spin-orbit interaction'.
They exert torques on each other. These internal torques do not

—> —^
i change the magnitudes of the vectors L and S, but cause them to process imiformly
I —>
j around their resultant J (Fig. 9). If the atom is in free space so that no extenal torques

—>
act on it, then the total angular momentum J is conserved in magnitude and direction.

—> —>
Obviously, the angle between L and S remains invariant. This is the vector model of 
the one-electron atom. It can be extended to many-electron atoms. If the external

magnetic field 5is present the total angular momentum J precesses about B.
There are three t5q)es of interactions among the optical electrons of an atom.
1. Spin-spin electrostatic interaction.
2. Orbit-orbit magnetic interaction.
3. Spin-orbit magnetic interaction.
This is. a common type of combination in which several V vectors combine to a form a 

resultant L and S is vectors a separate resultants S. The resultant S which represents 
the total angular momentum of the whole electron system of the atom, i.e..

1 •Atom
Fig. 9

L-i-S = J

* 1.8. L-S AND H COUPLING IN MULTt-ELECTRON ATOMS
Suppose a multi-electron atom coupling is surrounded by N electrons. The electrons 

form a core of completely filled subshells, plus a few electrons which are in a partially 
filled subshell, which are called "optically active (valence) electrons." These electrons 
are responsible for the production of optical spectrum.

For piost atoms mainly the lighter atoms 'the spin-spin electrostatic interaction and 
the orbit electrostatic interactiomare greater than spin-orbit magnetic interaction.' 
Such atoms obey L. S. coupling.

L-S coupling (Russel-Saunders)
In L-S coupling different interactions act in the following way :
(a) Spin-spin interaction
(b) Orbit-orbit interaction
(c) Spin-orbit interaction.
■They discussed in short as follows :
(a) Spin-spin ; Due to this interaction the individual spin angular momentum _ 

vectors of optical electrons are strongly coupled to form a resultant spin angular

momentum vectors S having magnitude JS (S + 1) —. The quantum number S can
2n

take following values
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...(1)5=1 S 1+5 2+S3 ....lljnin ,|Sl+S2+S3 (Si, S2, + ...)

The state 5 with different vaues have considerably energy difference, the state with 
highest 5 has lowest energy. Thus unperturbed energy level splits into a number of 
separate levels. Out of these levels the one or the level which has the highest value of 5 
hes lowest. Further, different levels are denoted by their multiplicity (25 + 1).

(b) Orbit-orbit electrostatic interaction : According to it, the individual orbital 
angular momentum vectors of the optical electrons are strongly coupled to form a

resultant orbital angular momentum vectors L having magnitude ^ L(L + 1) — which
2n

is conserved quantity.
The quantum number L can take following values :

...(2)I I 1+ I 2+ I 3 ••• imin ‘‘‘I’ (^1 ^2 ^3 ■•■ •••)

The state L with different values have fairly energy difference. The state with 
highest value of L has lowest energy. Thus different energy levels obtained due to 
spin-spin correlation further splits into a number of separate levels. These different 
levels are denoted by 5, P, D, F... as L = 0, 1, 2, 3, 3,.... respectively.

5=1 11+ I 2+ I 3 .... min ’

So for electron I = 0
L = I = 0(S state)

For 4p, 4d, li =1,12 = 2

L = \ li —I2 I' I ~ ^2 I + 1 •••• (^1 + ^2)
L ;= 1, 2, 3, (P, D, F states)

(c) Spin-orbit interaction : Due to this, the resultant orbital angular momentum

vector L and the resultant spin angular momentum 5 are less strongly coupled with
—>

each other to form a total angular momentum vector J of the atom :

J = L+S

The magnitude of J is Jj («/ + !) —, the quantum number J can take following
2n

values
J=|X,-5|,|L-51+1 (L + 5).

So for the electron 5 = s = -
2

(25 + 1) = 2 (doublet state)

For two electrons Si = -, So = — ^2^2

(S1-S2)S=|(Si-S2)l,|Si-S2l + l 
= 0,1

25 + 1 = 2.0 + 1 = 1 
2.1+1 = 3and

= 1,3 (Single and triplet state)
1 - 1 The quantum number J is integral or — integral. According as 5 is integral or —
2 2

integral! The number of J values is 25 + 1 when L >Sor (2L + 1) when S <L. Each level 
is now characterised by a different value of J. The group of these J-level forms a fine 
structure multiplet.

Example of L-S coupling: Consider an atom having outer configuation 4p 4d. The 
spin-spin interaction spUts this level into two levels, the singlet level (5 = 0) and triplet 
level (5 = 1). The triplet level being lower due to higher multiplicity. The mutual
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V3D2
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V

3p
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Fig. 10

electrostatic repulsion splits into 3 levels : P, D and Flevels. Now each of triplet level is 
further splitted by spin-orbit interaction into 3 fine structure levels, each characterised 
by J value. The spacings in each set of fine-structure levels is according to Lande's rule. 
The total number of final levels is 12.

This can be followed by following selection rules
A J = 0, ± 1

but the transition J = 0-></ = 0is now allowed.
J-J coupling : It is obeyed by heavier atoms. In this case, spin-orbit interaction 

dominates aU other interactions. Different perturbations act in following order.
(a) Spin-orbit interaction : Due to this interaction the orbital and spin angular 

momentum vectors of each electron are strongly coupled together to form a resultant

angular momentum j of magnitude j (j + 1) K where j = I — and'/ + —. Thus j takes
2 2

— integral values only.
I 2

(b) Spin-spin and orbit interaction : Due to these interactions, the angular
! —►

momentum vectors j of the individual electrons are less strongly coupled and form the

total angular momentum vector J of the atom, whose magnitude fe J J (J + 1) —.The
271

quantum number J can take following values :
—¥ —> —> —>

Thus, each of the above levels further splits into a number of levels characterised by 
different values of the total angular momentum quantum number J.

I +1......(«^l + ^2 )min

• TEST YOURSELF
3. Define spin-orbit interaction.

4. Explain spin-spin and orbit-orbit interaction

• 1.9. SPECTRA OF ALKALI ATOMS
Elements with single electron in outermost orbit are termed as alkali elements. The 

spectra emitted by these elements are characterized by the single valence electron and
Self-Instructional Material 15



Atomic and Nuclear Physics these are the simplest atoms after hydrogen as far as spectra are concerned. Li, Na, K, 
Rb, Cs and Fr are the alkali elements. Apart from these elements singly ionized atoms 
of Be, Mg, Ca and doubly ionized atoms of B and A1 also exhibit spectra like alkali 
elements.

Experimental studies of spectra of alkali elements were conducted by Dewar, 
Liveing, Rydberg and Bergmann. When spectra of alkali elements are studied on 
following basis :

(a) Physical appearance of lines (sharp or diffuse).
(b) Physical change in lines (when emitting atoms are subjected to some physical 

change).
(c) Behaviour of lines (when emitting atoms are subjected to magnetic field etc.)
Then spectra of alkali elements are classified in four chief series i.e.,
1. Principal Series
2. Sharp Series
3. Diffuse Series
4. Fundamental (or Bergmann) Series
1. Principal Series : The series arise from transition between various P-levels and 

lowest S-level. The lowest S-level has the lowest possible value for the energy and 
represents the gorund state of the atom.

2. Sharp Series : This type of series comes from the transition from S-level to the 
lowest of P-level.

3. Diffuse Series : This type of series arise from the transition between various 
D-levels (d) and the lowest P-level.

4. Fundamental (or Bergmann) Series : This series arise from the transition 
from various F-levels (f) to the lowest D-levels.

Other important features of the series are :
(1) The sharp and diffuse series have a common limit.
(2) The wave number interval between this common limit and the limit of principal 

series is equal to that of first line of principal series.
(a) Rydberg-Schuster Law : Wave number difference between the principal series 

limit and the sharp or diffuse series limit is equal to the wave number of the first line of 
principal series :

R Rvp -Vs (orvo) = = vp2
(1 + l^S (2 + fip )^

(b) Runge's Law : The wave number difference between the diffuse series limit and 
fundamental series limit is equal to the wave number of the first line of the diffuse
series.

R R
Vrf -Vf =

(1-t-pp)^ (2 + Mo)^
where 115, pp, pp, p/j are the characteristic contents of sharp, principal, diffuse and 
fundamental series respectively.

• 1.10. CHARACTERISTICS OF ALKALI SPECTRA
The configuration of alkali elements is such that an inert gas core is surrounded by 

an electron in S orbit. For example, Li = [He] = 2s', Na = [Ne] + 3s'. K = [Ar] + 4s', Rb = 
[Kr] + 5s', C5 = [Xe] + 6s'. Since the core electrons do not play any part in optical spectra, 
the configuration of-alkali elements is similar to hydrogen atom as the optical electron 
(outermost electron) plays an important role in the characteristic of optical spectra.

. In case of sodium atom the optical 3S electron when excited jumps to higher energy
etc. depending upon, the amount of excitation energy.state 3P, 4S, 3D. 4P, 5S 

According to Bohr's-Somm^’’field's theory and quantum mechanical theory all 
substances belonging to a given n in hydrogen have same value of energy, but this I 
degeneracy is removed in multielectron system due to shield of nuclear charge and 
penetration of atomic core. The term value is given as :
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T =

eff.
where

Zq = effective charge outside the core 
^eff =®ff6ctive quantum number.

AsZq > landn,gff < n.,the term value is increased, as a result of which energy levels 
in alkah atoms lie low than corresponding hydrogen levels. However for large value of 
n,ZQ =1 and n the corresponding levels approach the hydrogen level. On the
basis of dependence of energy on I value, due to shielding of nuclear charge the levels 
with given n have energy in increasing order of I which means the level S, P, D 
given value of n are less and less negative and so the levels lie lower than 
corresponding hydrogen levels. The I dependence of energy is so prominent that 4S 
level lie lower than 3D level of same orbit, similarly 5S level lie lower than 4D and 4F 
levels.

i

fora

When the optical electron of sodium is excited and returns to ground level all four 
prominent series are produced.

n^P3^3', n = 3, 4, 5-> Principal Series

-> 3^P', n. = 4, 5, 6 Sharp Series

n^P 3^P', n. = 3, 4, 5 -> Diffuse Series

n^F 3^D', n = 4, 5, 6 Fundamental Series

Since there exist a large number of atoms in sodium source all possible excited 
states are available for transition, all series are observed simultaneously. The lines of

HydrogenEnergy, eV 
5/3-

Fundamental4-
Series

Senes
n = 3

3-
Difiuse
Series

2 ■

n = 2

1 -

0-1
Fig. 11. Energy Level Diagram of Sodium.
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Atomic and Nuclear Physics principal series are comparatively sharp so they get the name "sharp series". The lines 
of the P series were observed both in emission and absorption spectra of sodium for 
very small excitations, hence the name "Principal series". The diffuse series lines were 
found to be somewhat diffuse, hence the name "Diffuse". The frequencies of 
fundamental series are in infra-red region and are very close to the fundamental 
hydrogen atom so they are known as "Fundamental series". It is also observed that in 
the spectra of sodium.

(a) Sharp and diffuse series have same convergence limit (3P -> 3 Pi;2, 3/2)-

(b) Wave number difference between the above limit and princial series limit
(3S 3^Sy2)is equal to the first line (3^Py2 3^5i/2)of the principal series.

(c) Wave number difference between the diffuse series limit (3P -> 3 Py2^ 3/2) and 

fundamental series limit (3d ->^3/2 5/2) is equal to the wave number of first line 
(^^V2 ^Pi/2)of diffuse series.

• 1.11. FINE STRUCTURE IN ALKALI SPECTRA
In the spectra of alkah atoms the lines of optical spectra show a fine-structure 

splitting which increases with increase in atomic number (i.e., with increase of I and n). 
As a result of which 3P doublet is wider than 3D, 3D wider than 4F, 3P wider than 4P 
and 4P and 4P wider than 5P and so on. When electron make transition fron one of the 
excited states to lower state, spectral lines appear. The transition

fl^Sy2 ni^PiJ2, 3/2 ^^-^3/2,1/2 m^Sy2

give rise to doublet.
9 9 9So every line of sharp series (n Sy2 ^3 Py2^ 3/2) and principal series (n Py2^ 3/2

*^1/2,3/2)i® n doublet. The two transitions 3^P3/2 3^Si/2 and 3^Py2 -^S^Sy2 are

the first members of principal series and are prominent yellow lines of sodium known as 
the sodium D lines doublet. The diffuse and fundamental series start from a doublet 
level and end on doublet level, and shows three component fine structures and are 
called compound doublets (not triplets).

^Pl/2 ^^5/2 ^©3/2 ^^7/2 ^^5/2

6s 5p ■4d 4f
5s

Fundamental
Doublet

Sharp
Doublet

4p.
Id

Sharp — 
Doublet Dilfuipe

Doublet
\

•3p.

Principal
Doublet

3s

Fig.;i2
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Atomic PhysicsFollowing observations are made in doublet character :
(a) In principal series, the difference of the wave number of the components of a 

doublet decreases rapidly as we pass towards higher frequency side.
(b) The wave number difference of sharp series doublet remains constant.
(c) In diffuse series the wave number difference between shorter component of the 

doublet and satellite remains constant.
(d) Wave number difference between the doublet of sharp series and doublet 

separation in diffuse series are equal.
In Fig. 12 is shown the splitting of alkali levels involved in the emission of the lines 

of the four series. The levels are single components ^Si/2.The ^ P levels are splitted 

as P3/2 and Py2’ latter ( P1/2) being deeper, and the splitting decreases as n 
increases. Similarly, the ^ D and ^ Flevels are splitted as ^ P5/2, ^ D3/2 and ^ Fy2. ^ P5/2 
but these splitting are much smaller.

The selection rules in operation are :
An = any integer including zero 
Al ~ ±1.
Aj= 0 ± 1.

These rules explain the simple and compound doublet structure of spectra lines. For 
example, the principal resonance doublet of sodium (Di and D2 lines) arise from the 
transitions ;

d^Si/2 

3^P3/2 -> 3^Si/2
{Di 5896 A 
(D2 5890 A)

The wave number separation between and D2 lines is equal to the separation

3^P
between S^Py2 ^nd S^P^i2 levels (Fig. 13). The other lines 2^ 3/2

of higher wave numbers, of the princippal series owe their 
doublet structure to the doublet structure to the doubling 
of higher Plevels such as 4 P, 5 P..... levels. Since the

splitting of these levels decreases with increasing n, the 
wave number separation between the doublet components 
decreases in the lines of higher and higher wave numbers.

The doublets of the sharp series are formed by the 
transitions n Sy2 -> 3 ^3/2^ 1/2 where n =4, 5,......In this

series the wave number separation between the doublet 
components of all the lines is the same and equal to the 
separation between 3 P3/2 and o Py2 levels on which all the transitions terminate.

1/2

3^8 3 ^Si/2

Di D2

Fig. 13

The lines of the diffuse and fundamental series show a three-component structure 
and are called 'compound' doublets. This is illustarted in Fig. 14 for a diffuse line

9 9 * 9 9arising from the transition 3 P5/2, 3/2 3 P3/2,1/2-Here both the D and Plevels are

32P3/2
splitted and the selection rules allow three transitions, 
as shown.

The splitting of the level is, however, so small 
that under ordinary resolution only two comoponents 
appear. If we ignore the i)-splitting, then all the lines 
of the diffuse series have the same doublet separation as 
the lines of the sharp series, that is, equal to the 
separation between 3 P3/2 and 3 P1/2 levels.

Although the lines of the diffuse and fundamental 
series have three components but they are called 
'doublets' (not triplets) because they arise from

5/23^0

3^F3/2
3 1/2

v'
Fig. 14
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Atomic and Nuclear Physics transitions between doublet levels. The name 'doublet' refers to the multipHcity of 
energy levels and not to the number of components in the spectral lines.

• 1.12. STERN-GERLACH EXPERIMENT
An atom is considered as a tiny magnet. This magnetism arise due to the spin and 

orbital motion of electrons. An experiment was performed by 0. Stern and Gerlach in 
1921 which demonstrated that an atom placed in a magnetic field can take only certain 
discrete orientations with respect to the field and also demonstrated the existence of 
electron spin.

When an atom is placed in homogeneous magnetic field its poles experience equal 
and opposite force, so it gets aligned in the direction of field and in this case magnet 
does not experience any translatory force. But when this tiny magnet is placed in 
non-uniform magnetic field the magnet not only aligns in the direction of field but also 
experience translatory force. When these tiny magnets are moved in normal direction 
to the field they move in straight line without displacement in homogeneous field and in 
curved path (due to displacement) in non-homogeneous field, this is the basis of 
Stern-Gerlach experiment.

Experimental arrangement: The experimental sample (K) is heated in electric 
oven (O). On heating the sample emits atomic rays in all directions with velocity 
dependent upon the temperature. The atomic beam is collimated and then passed 
through "non-homogeneous" magnetic field and then the path of the beam is recorded 
on plate.

K

Oven
Magnet pole

Beam of silver 
atoms

Inhomogeneous 
magnetic fieldiip

Magnet pole

Photographic
plate

Fig. 15

Procedure : The chamber is completely evacuated to avoid collision of atoms in the 
beam with other gases. The displacement of atomic rays is then measured by measuring 
the repulsion, at different points between the pole pieces, of a thin bismuth wire which 
is mounted parallel to the edge of the knife edge pole piece. Then the traces of atomic 
rays are developed by using different methods.

Plate S0
1

K
N

Si $2
Shape of the 
pole pieces

Fig. 16

Results : Figure shows the traces obtained in case of silver. In absence of field a 
straight line trace is seen, but when the field is applied some irregularities are observed
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Atomic Physics \which is due to irregularity of the magnetic field near the knife-edge 
of the poles of magnet. The double trace gets converged as the field 
gradient decreases transversely.

With the help of results obtained by Stern-Gerlach experiment 
following important features of vector atom model can be explained.

1. Space Quantisation : If the atomic magnets could have any 
orientation, then for a large number of atoms, the beam would be deflected into 
continuous band, but due to the quantisation of the spin all possible orientations are 
not allowed but only certain discrete orientations are permisible. If we consider the 
atoms belonging to one electron system and its ground state 'S’ then 1 = 0 and

0± —. j = — and its possible orientations will be (2j+l) = 2, so in one 
2 2

electron system we get double traces, but in many electron system the number of traces 
depends upon the value of S.

2. Electron Spin : Stern-Gerlach experiment also establish the existence of 
electron spin. In 1927 Phipps and Taylor performed this experiment using a beam of 
hydrogen atoms. In ground state of hydrogen atom the single electron exist in S level 
for which / = 0, if spin is absent then J = 0 which means that there will be a single trace 
[{2J + 1) = l].But the beam was found to be splitted into two symmetrical traces. In this
case a value of — was assigned to spin quantum number and then the result was in 

2
agreement with experimental result.

without with field
field

Fig. 17

j = l±s,j =

• TEST YOURSELF
6. What is Rydberg-Schuster law ?

6. What is Range's law ?

• 1.13. QUANTUM NUMBERS
On the basis of different experiments it was estabhshed that an electron in an atom 

can exist only in one of the several discrete energy states, known as quantum states. 
Each quantum state is thus quantised with regard to size, shape and orientation of the 
electron orbit. To describe the energy position, momentum etc. minimum in four 
numbers are needed. These numbers are based upon the quantum theory so they are 
known as quantum numbers. They are :

(i) Principal or Total Quantum Numbers (n) : The principal quantum number 
is denoted by' n'. It is used to determine the energy of the orbit of the given atom. It is 
given by

nhmvr =
2n

where mvr = angular moment of electron, 
m =mass of electron 
V = velocity of electron 
r = radii of orbit
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Atomic and Nuclear Physics when n can have values n = 1, 2, 3, 
respectively. As the value of n increases the mean distance of orbit from the nucleus 
increases as a result of which the binding energy of the electron decreases.

(ii) Orbital Quantum Number (/) : It determines the shape of electron orbit and 
orbital angular momentum of the electroon. It is dentoed by I and can have values 1=1,
2, 3, .... (n - l)and angular momentum mvr = — (I + 1).

X which represents the orbits K, L, M, N

2n
(iii) Magnetic Quantum Number (m /) : It determines the orientations of electron 

orbit in external magnetic field. It is denoted by nii and can have values :
nil (/-!),(/-2), ....0,-1,-2.

hmvr .= — m
2n

(iv) Spin Quantum Number (S) : It represents the spin of the electron and of the 
electron and is denoted by S and can have values

S = ±l
2

(v) Total Angular Momentum Quantum Number (/) : It is also known as "inner" 
quantum number and is denoted by j. (J) determines the total angular momentum of 
the electron which arise from the orbital revolution and axial spin of the electron. 
Mathematically it is the vector sum of orbital quantum number and spin quantum 
number or

J = L+S
j = l ±sor

. hand mvr = J —
271

Thus J = I ± — i.e., j has two values j = 1 + — 
2 2

and l-~.
2

• 1.14. PAULI'S EXCLUSION PRINCIPLE
The different chemical behaviour shown by the atoms indicates that all the electrons 

can not have same quantum state, and also there must be a definite configuration of 
electron in an atom.

The distribution of electrons in different shells and subshells of an atom is governed 
by a principle given by Pauli in 1925 known as Pauli’s exclusion principle, according to 
which "no two electrons in an atom can exist in same quantum state", which means that 
in an atom no two electron can have four quantum numbers n, I, mi and j same, 
maximum three can be same never fourth. It means that if one electron in ah atom 
occupies a completely defined quantum state, any other electrons in the atom must be 
excluded from occupying the quantum state. Hence it is named "Exclusion 
Principle".

Number of electrons in different subshells and hence in different shells : 
Pauli's exclusion principle is used to determine the arrangement of electrons in an 
atom.

In a given atom, the electrons that have the same principal quantum number n are 
said to be in the same group or shell. When n. = 1 is called the K’-shell, n = 2 the Z/-shell, 
n = 3 the Af-shell, n = 4 the iV-shell and so on. Each shell is divided into sub-shells. In 
a shell, the orbits having the same orbital quantum number I form one sub-shell. These 
sub-shells are denoted by small letters s, p, d, f, g 
Since Z = 0 to (ti -1) as :

according as / =0, 1, 2, 3, 4, ....
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Atomic PhysicsNames of 
sub-shells

No. of sub-shell/Shell n

1s101K

2s.2p20, 12L

3s,3p,3c/0, 1, 2 33M

AsApAd.Af0. 1.2.3 4N 4

In a given subshell value of n and I is same. For a given value of I there exist two
values of j i.e., I + — and I - ~ and for a given j we have (2j + 1) values of mi so for i , 

2 2 2
r r i"i 1 1we have 2 I — +1 =21 + 2 values of m; and for Z - —— we have 2 I - - + 1 =21V2)

values of m/ we can say that we can have (2Z + 2) + 2Z electrons which will have either 
different j or mi. So number of maximum electrons permissible in a subshell is 2(2Z + 1).

subshells ther can be aUsing this result we can calculate that in s, p, d, f 
maximum of 2, 6, 10, 14 electrons respectively. Since the value of I can be from zero to 
(n -1) therefore maximum number of electrons in a shell is given as :

(n-l)
^ 2 (2Z + 1) = 2 [1 + 3 + 5 + 7 + .... 2 (n -1) + 1]
1= 0

= 2[l + 3+5 + 7+...2(71-1) + !] 
= ^{1 + (27i-1)}

= 2n^

So using this result K, L, M, N ... 
electrons. The final table is shown as below :

shells can have a maximum of 2, 8,. 18, 32

Maximum number of 
electrons 2 (21+1)

Sub-shell / m/

0 0 2s

1 -1,0, + 1 16P
d 2 10-2,-1. 0. + 1, +2

3 -3.-2.-1,0+1, + 2.+3 14f

• 1.15. X-RAYS
In the year 1895, while studying the properties of cathode ray Roentgen discovered 

a very penetrating radiation emerging out of the discharge tube. He named these 
radiations as X-rays. X-rays are produced when very high velocity electrons strikes by 
a solid target. They are electromagnetic waves like ordinary light but with much 
shorter wavelength (»1 A). Initially X-rays were classifed on the basis of these 
frequency and penetration.

1. Soft-X-rays, which have low frequency (longer wavelength) and less penetration.
2. Hard X-rays, which have high frequency (shorter wavelength) and more 

penetration.
Properties of X-rays : (a) They are electromagnetic radiations of very short 

wavelength i.e.,«lA

(b) They are not deflected by electric and magnetic fields which means that they do 
not contain charged particles.

(c) They travel like light, with the velocity of light.

(d) They can pass through many solids which are opaque to light.
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Atomic and Nuclear Physics (e) They produce photoelectric effect and therefore exhibits particle nature also, 
(i) They show interference, diffraction and polarisation like light.

• 1.16. X-RAY SPECTRA
The spectrum from an X-ray tube contains two distinct parts :
(i) A continuous spectrum : It consists of radiations of all possible wavelengths, 

from a certain lower limit to higher values continuously, as in the case of visible light. It 
is also called the white spectrum.

(ii) Characteristic or line spectra : It consists of definite well defined 
wavelengths superimposed on the continuous spectrum. The spectrum lines generally 
occur in the form of small groups and are characteristic of the material of the target.

(a) Main Features : The continuous spectrum can be produced in an X-ray tube at 
sufficiently low potentials. However, it is not possible to obtain the characteristic line 
spectrum without the continuous spectrum; it is always superimposed over a 
continuous spectrum. The wavelength of the continuous X-ray spectrum do not depend 
on the material of the target but depend on the voltage across the tube. If the operating 
potential difference be lowered, keeping the target the same, the intensity of both types 
of spectra decreases but the minimum wavelength of the continuous spectrum 
increases while that of the characteristic line spectrum remains unchanged. If, on the 
other hand, the material of the target is changed, the continuous spectrum remains 
unaltered; but the positions of sharp lines of characteristic spectrum are altered.

(b) Origin of Continuous X-ray spectrum : X-rays are produced when high 
velocity electrons hit a target. Sometimes, some high velocity electrons may pass close 
enough to the nuclei of some of the atoms within the target. They, then experience 
strong force of attraction due to the nuclei. They may collide with these nuclei and lose 
their energy. This loss of energy appears in the form of X-rays.

Let an incident electron moving with velocity v be slowed down to velocity if, then 
the frequency if of emitted photon (by conservation of energy principle) is given by

^ - mif^ = hv1— mv
22

If the incident electron is completely stopped, then i/ = 0 and we have
— mv^ = hv max2

Thus production of continuous spectrum can be considered to be an inverse
photoelectric effect because here electron kinetic energy — mv^ is converted into photon

2
energy hv max-

(c) Characteristic X-Ray Spectra : When a beam of primary X-rays, from a hard 
X-ray tube, are made to fall on a given material, the latter emits its characteristic 
X-rays provided the incident primary rays are harder than the characteristic rays to be 
produced. These characteristic rays, as their name implies, depend on the nature of the 
material from which they arise and not on the quality of primary X-rays.

When these rays are examined by means of a Bragg's X-ray spectrometer, a number 
of spectral lines superposed on a continuous spectrum is obtained. These spectral lines 
are characteristic of the material used as target and generally occur in the form of small 
groups known as K, L, M, .... series. This line spectrum so obtained is known as the 
characteristic X-ray spectra.

• 1.17. CONTINUOUS X-RAY SPECTRUM
The continuous X-ray spectrum is produced when low energy electrons fall on a 

target under certain conditions. It consists of radiations of all possible wavelengths, 
from a certain lower limit to higher values continuously, like visible light, therefore it is
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Atomic Physicsalso known as white spectrum. Fig. 18 shows continuous spectrum of tungsten for 
various energies of impunging electrons. The graph indicates following features :

;■

8-
40 kV

^ 6-a
*5 4:

‘ 30kV,. \
•2
“ 2

20 kV

0.2 0.8 1.00 0.4 0.6
Wavelength (A)
Fig. 18

(a) Intensity of continuous spectrum increases at all wavelengths as the tube 
voltage increases.

(b) As the tube voltage increases the wavelength at which maximum intensity 
occurs decreases.

(c) Each spectrum shows a striking sharp limit on shorter wavelength side. As the 
potential occurs the tube increases, wavelengths limit decreases.

(d) The shorter wavelength limit of the spectrum is independent of the target, but 
the intensity at a given voltage and current is the function of the atomic number of the 
target.

(e) For a given target and tube current the intensity is function of the square of the 
applied voltage.

(f) From longer wavelength side the intensity rises to a maximum slowly, reaches a 
maximum value and then fall rapidly to zero.

* 1.18. DUANE AND HUNT LAW (MAXIMUM FREQUENCY LIMIT)
These properties of continuous spectrum were explained on the basis of 

Planck-Einstein quantum equation which was applied to X-rays by Duane and Hunt. 
The maxmum kinetic energy gained by the electron in passing from cathode to the 
target is e V, where V is applied potential across the tube and e is electronic charge. It is 
obvious that electron can give up at the most of this energy in the production of 
electromagnetic radiations. If all this energy goes to a single photon then the frequency 
and wavelength are related to maximum energy by the relation :

heK — eV — Avjjjgx “ -..(1)max ^min

This relation is known as "Duane and Hunt law" and shows that short wavelength 
limit is inversely proportional applied across the tube terminals.

he cXmineV ''max y

This is Duane-Hunt relation.
-34 86.64x10 X 3x 10

^minor
1.6x10'^^ xV 

12.4x lO"*^
m

V
12400 A^min Y
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Atomic and Nuclear Physics This shows that "Short wavelength hmit of continuous X-rays is inversely 
proportional to the accelerations".

• 1.19. MOSELEY LAW
A study of characteristic X-ray iiT-radiations was made by Moseley in the year 1913. 

He studied the K^spectra for a number of elements and found that the i^-spectra consist 
of two distinct lines and . It was further found that and lines in heavier 
elements consist of close doublets and these lines were designated by a2 ’

Mosely observed that the K lines of elements shift towards higher frequency in a 
regular way with increasing atomic number. This fact is expressed as Moseley's law. 
according to which "The frequency of each corresponding A'-line is approximately 
proportional to the square of the atomic number of the emitting element". The Fig. 19 
shows a curve between Vv against atomic number Z. This curves are straight lines and 

and approaches to each other towards lighter elements. From the curves we 
can write :

KgKp

28 (Ni)
27 (Co)

26 (Fe)

25 (Mn)

24 (Cr) L> 
23 (V)
22 (Ti)

Ka Kp

ZK-Series
Fig. 19

Vv = k(z~b)
where k and b are constants for a given transition of the K-series.

V = RA'^ (z - bfor
FoyK^ line 6 = 1.
If the above curve is plotted between and atomic weight then the result is not a 

straight line by which he concluded that "it is atomic number not the atomic weight 
which is more fundamental to the atom".

Moseley's Law from Bohr’s Theory
When Moseley gave his law about characteristic X-ray spectra, at about same time 

Bohr gave his theory of hydroogen atom. Bohr's theory can explain X-ray spectra if the 
atomic number Z can be identified as the number of positive charge on the nucleus. 
From Bohr's theory the wavelength X, of the hydrogen spectral line emitted when an 
electron jumps from an initial energy level to a final energy level Uf is given by

1 R.2 1 1
n, n.k
f

where i? is Rydberg's constant.
If in X-ray emission, one of the two .ST-electrons of an atom is removed, an L-electron 

is attracted by positive charge of the nucleus in the same way as the single electron of a 
hydrogen atom is attracted by its nucleus. Since the remaining K-electron is much 
nearer to the nucleus than the L-electron, it produces a screening effect reducing the 
attraction of the nucleus for the L-electron. So for the L-electron the effect of nuclear 
charge is reduced to (Z -1) e. Replacing 2 by (Z -1) in equation (1) for K and L shells 
(^i = 2,nf = l)we get
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X Lr
1 ...(1)

2^
If we take n-i = 3andn^ = 2, the effective value of^ reduces to (e = 7, 4) so for line

^=R(Z-of 
X

J__ 1_ ...(2)In general
/

cUsing V = —
X

v = RC(Z-<,f 4--4 
nf n.7

v^EA^ (z-af 

■'fv = k(z-~b)

1 1
2 2 Tlr n

or
or

where = c
f

Equation (3) represents Moseley’s Law.

Application of Moseley's Law
Moseley's researches showed that the determining factor of the position of the 

element in the periodic table should be atomic number and not the atomic weight. Thus 
the law removed the discrepancy in the arrangement of the different elements in the 
periodic table. Previously, for example, placed later than and
27 Co
be as IgA
arrangement finds its support also from the isotopic constitution of the elements.

With the help of the Moseley’s law, by observing the X-ray spectra of rare earths 
their atomic numbers were also determined.

The X-ray spectrum analysis and successive application of Moseley’s law also 
perfected the periodic table with the discovery of some new elements as hafnium (57), 
promethium (61), rhenium (75) and technetium (43) etc.

The law also proves that a fundamental relationship exists among all the elements, 
i.e., all the elements are constructed with the same building unit and complexity 
increases as we move towards higher atomic number.

48-9 5a7later than 23 
before 19

. But according to this law the current arrangement must 
and 27^0^®'^ before This sort of corrected

• 1.20. X-RAY ABSORPTION SPECTRA
When a beam of continuous X-rays is passed through a film of a substance, and the 

resultant beam is studied through X-ray spectrograph then we get absorption spectrum 
of that substance. The observation of X-ray absorption spectrum are as follows '.

(a) The absorption spectrum is completely different from emission spectra.
(b) Emission lines , iiCy ..... do not appear in absorption spectra. The line

in emission occur when a^i electron drops from L-shell to iif-shell. Now this line in 
absorption will occur sufficient energy from the continuous beam. This is not possible 
becasue the L-shell is already filled, and having an electron will be violation of Pauli’s

lines of emission spectrum are not possible inexclusion principle. So >
absorption spectra.

(c) The absorption spectra shows a continuous region bounded by a sharp edge 
which is known as absorption edge, in the position of the limit of iif-series. This is 
because an X-ray photon can be absorbed when it is capable of removing an inner
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Atomic and Nuclear Physics electron to infinity. is the energy required to remove /^-electron then a photon of 
frequency v > can eject a K electron when

hvj^ =

Now at frequency absorption in iC-shell suddenly starts and continues for all 
frequencies greater thanvj^ so we get sharp edge atvj^.

(d) The absorption edges are the 
characteristics of the absorbing element 
and shift towards higher frequency by 
selecting absorbing elements in increasing 
order of z (Fig. 20). As the value of z 
increases the value for also increases.
The photons with frequency less than are
transmitted by the absorbing elements.

Explanation : There are two features of 
the X-ray absorption spectrum which are to be explained :

(i) Absence of Discrete Absorption Lines : The -line (for example) in
emission occurs when an electron drops from the L-shell to the iiC-shell. In absorption, 
this line would occm only if an electron from the /iT-shell, after absorbing an X-ray 
photon of the required energy from the continuous beam, could go to the L-shell. But 
this does not happen because the L-shell has already its full quota of 8 electrons and so 
it can not receive any further electron. Hence the K’cc observed as
absorption line. This is true for all the X-ray emission lines that are commonly 
observed.

(ii) Appearance of Absorption Edges : An X-ray photon can, however, be 
absorbed by an atom if it has enough energy to remove an inner electron to infinity 
where the shells no longer exist. If Wf^ is the energy required to remove a if-electron, 
then a photon of frequency v can eject a iC-electron provided v ^ v/^ where

hvic = '^K-
Photons of frequency lower thanv^ would be transmitted by the absorbing element.
The black part in Fig. 20 corresponds to the transmission of X-ray photons of all 

frequencies lower than v^. At the frequency , absorption in the /f-shell suddenly 
starts and therefore continues for all frequencies higher than v^. Hence the absorption 
spectrum is abruptly discontinued at v^.

As Z increases, increases because of the increasing nuclear attraction and so v 
also increases. Hence for successive elements in the periodic table the absorption edges 
shifts towards higher frequency.

Thus, the .^’-absorption edge observed in X-ray spectra of elements corresponds to 
the photoelectric ejection of an electron from the if-shell of that element; its frequency 
\K gives exactly the required energy This means that the K absorption edge 
directly gives the K energy level. Absorption beyond the edge indicates that the 
if-electron passes to infinity with kinetic energy given by Einstein's photoelectric 
equation (E/^ = hv - =hv - ). Since each element gives only one if-absorption
edge, We conclude that the if-shell has only a single energy level.

Importance of Absorption Edges : When the X-ray absorption spectrum is taken 
in the L-region, again a continuum is observed but now with three absorption edges. We 
know that the L-emission lines from three groups according to their excitation voltages, 
indicating that the L-shell has three energy levels. The three edges directly give these 
energy levels.

Similarly, the M-absorption spectra of heavier elements show five absorption edges 
which give the five energy levels of M-shell, N-spectra give seven edges and so on. Thus, 
the absorption edges provide a direct means of determining the X-ray energy levels of 
elements.

; :

Z
48 (Cd)

VR
47 (Ag)

VR

46 (Pd)
Transmission '’R Absorption

Fig. 20
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Atomic Physics• TEST YOURSELF
7. Define Daune and Hunt law.

8. Give importance of absorption edges in X*ray absorption spectrum.

• EXERCISE
1. Give Bohr’s postidates and obtain the expression for the energy of hydrogen atom. 

Draw energy level diagram and give shortcomings of Bohr's theory.
2. State modifications introduced by Sommerfeld in Bohr's theory. Show how 

Sommerfeld model explains the fine structure of spectral lines.
3. Explain Franck and Hertz experiment to show that it provides a direct evidence for' 

discrete energy states of an atom.
4. Explain the vector model of the atom.
5. Discuss L-S coupling and J-J coupling in multielectron atom. Show that both 

coupHngs result into the same terms.
" 6. Describe four chief series in the spectra of alkali elements.

7. Discuss the characteristics of alkali spectra.
8. Discuss the doublet structures in alkali spectra. Explain the fine structure of alkali 

spectra.
9. Discuss Stern-Gerlach experiment.
10 What are quantum numbers ? Give physical interpretation of different quantum 

numbers required to define the electronic configuration of an atom.
11. State Pauli's exclusion principle.
12. What are X-rays ? Give their properties.
13. Explain X-ray spectra.
14. Explain continuous X-ray spectrum with its properties.
15. Discuss Moseley's law. Show how it can be used in removing some of the defects in 

the periodic table.
16. Discuss the salient features of X-ray absorption spectra.
17. The limit of Balmer series is 3646A. The wavelength of first series of this element 

will be:
(a) 6563A (b) 3646A

18. The ratio of minimum wavelengths of Lyman and Balmer series will be
(a) 1.25

19. The visible region of hydrogen spectrum was first studied by 
(a) Lyman

20. H0W many revolutions does an electron complete in one second in the first orbit of
hydrogen atom ?
(a) 6.57 X 10^^ Cb) 100

(c) 72OOA (d) lOOoA

(b) 0.25 (c) 5 (d)10

(b) Balmer (c) Pfund (d) Brakett

(c) 1000 (d)l
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Atomic and Nuclear Physics 21.The radius of first Bohr orbit is r, then the radius of second orbit will be 

(a) 2r (b)^ (d)V^(c) 4 r

22. A hydrogen atom is excited from n. = 1 to n = 3 state. The amount of energy absorbed 
by the atom will be 

Ca)12.1eV (b)25eV (c) 13.6 eV (d) - 13.6 eV
23. The ratio of energies of first two excited states of hydrogen atom is

(c) 4/9
24. The ratio of speed of electron in ground state of hydrogen atom to that of light is

(b) 1/4 (d) 9/4(a) 4

22(a)-^ (b)| (d)-^(c)
237137

25.The energy required to removoe an electron from n = 2 state in hydrogen will be
(c) 27.2 eV (d) 6.8 eV 

26.The value of wavelength of radiation emitted due to transition of electrons from n = 4 
to n = 2 state on hydrogen atom will be

237

(a)13.6eV (b)3.4eV

3R6R 3616 (c) (d)(b)(a) 5R 163R36
27. The radius of first Bohr orbit in hydrogen atom is Tq , then the radius of first orbit in 

helium atom will be
^0 (d)ro(b) 4ro(a) 2ro

28. According to Bohr hypothesis, which of the following quantities is discrete ?
(b) Angular momentum 
(d) Angular momentum

29. If the transition of electron takes place from n = 2state, then the maximum number 
of spectral lines obtained for transition to ground state will be

(c) 18
30. According to Bohr atom model, the diameter of first orbit of hydrogen atom will be

(c) 2.25A
31. The energy emitted by a source is in the form of

(c) Protons
32. According to Bohr model of hydrogen atom, radiation will be emitted when an 

electron
(a) makes transition from lower orbit to higher orbit
(b) makes transition from higher orbit to lower orbit’
(c) revolves in its own orbit
(d) jumps from an orbit into the nucleus

33. The concept of electron spin was first enunciated by 
(a) Gondsmidt and Uhlenbeck 
(c) Bohr

(a) Momentum 
(c) Potential energy

(d) 24(b) 12(a) 6

(d) 0.725A(a) lA (b) 0.529A

(d) Neutrons(a) Photons (b) Electrons

(b) Rutherford 
(d) Sommerfeld

34 Balmer series is emitted only by the process of
(b) emision(a) absorption

(c) neither by absorption nor by emission
(d) both by absorption and emission

35. According to Bohr’s theory, only those orbits of electrons are stable for which the 
orbital angular mmentum is

(c)-(b)^
h

(d) None of these(a) n ti
n

36 The velocity of electron in an atom according to Bohr’s theory is

(c) 27imr (d) None of thesenh (b)-^(a)
27imr27rmr

37. The first Bohr radius is
(d) 100 A(c) lA(a) 0.53A (b) 0.25A
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Atomic Physics38- According to Sommerfeld, an electron revolves round a nucleus in
(b) elliptical orbits 
(d) None of these

(a) circular orbits 
(c) hyperbolic orbits

39. The meaning of negative energy is that system is
(b) in free state

40. The main defect of Bohr atom model is
(c) is unstable (d) none of these(a) boound

(a) mixing of classical and qunatum theories.
(b) exclusion of nuclear motion
(c) failure to explain the fine structure of spectral lines
(d) None of the above

41. Which of the following sub-shells is represented by the quantum numbers n = 4and 
1 = 17

(c) 4d
42. A hydrogen atom is in the d-state. The value of m for this state are :

(b) -3,-1, 0,1,3
43. The atomic number of silicon is 14. Its electronic configuration in the ground state 

will be :
(a)ls^.2s2,2p®,3s^,3p^
(c) ls^,2s^,2p^,3s^

44. In basic metals the valence electron is
(b) p-electron

45. The maximum number of electrons in /-subshells is :
(a) 14

46. The maximum number of electrons in an orbit is :
(c) 2n^

(a) 4 s (b)4/ (d)4p

(a) -1, 0,1 (c) 2, 1, 0 (d)-2.-l, 0,1,2

(b) U^,2s^,2p^,3s^

(d) ls^,2s^,2p^,3s\3p^

(a) d-electron (c) s-electron (d) /-electron

(b) 10 (c)d (d)2

(a) 2 (b)8 (d) 2/(2/-hi)
47. The value of principal quantum number for an ionised atom is ;

(a)0 (b) 00 (c)l (d)4
48. Which of the following quantum numbers is not used for gaining knowledge about 

orbitals ?
(a) n (h)l (c) nig (d) mi

49. Out of 3d and 4s, whose energy is more ? 
(a) 3d
(c) Both are same

50, The value of («■ -i- l)for 5pis :

(b) 4s
(d) Nothing can be said

(a) 5 (b)6 (c)10
51. According to Pauli's exclusion principle no two electrons can exist in an atom when: 

(a) n is same 
(c) mi is same

52. The possible values of principal quantum number can be :
(b) 1, 2, .... 00 (c) only 0

53. The possible values of orbital quantum number are :
(a) from 0 to (n. -1)
(c) from 0 to

54. The maximum possible values of magnetic orbital quantum number (m/) are :
(a) zero

55. The possible values of m/ are :
(a) from - 1 to + 1 
(c) from 0 to 00

56. The maximum number of electrons in a shell is :
{c)n^

(d)15

(b) / is same
(d) n, I, mi and m^ are same

(a) 0, 1, 2, ... CO (d) none of these

(b) from 0 to (n + 1) 
(d) All the above

(b)2/ (c)(2/-hl) (d)(2/-l)

(b) from 0 to +1 
(d) None of these

(d)2n2(a) n (b) 2n^
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57. The maximum number of electrons in sub-shell is :
(a) 21

58. To get complete information about an electron in an atom, the quantum numbers 
required are:
(a) n, I, mi,s (b) n, I, mi

Atomic and Nuclear Physics
(6)2(21 + 1)(c) 21 +1(b)2/-l

(c) n, I, s 

ANSWERS
20. (a), 
26. (b), 
32. (b), 
38. (b), 
44. (c), 
50. (b), 
56. (d),

(d) n, I

19. (b). 
25. (b) 
31. (a), 
37. (a), 
43. (a). 
49. (a), 
55. (a),

21. (c), 
27. (c). 
33. (a), 
39. (a). 
45. (a), 
51. (d). 
57. (d).

22. (a), 
28. (d), 
34. (b), 
40. (a), 
46. (c), 

52. (b) 
58. (a)

17. (a), 
23. (d), 
29 (a), 
35. (a), 
41. (d), 
47. (b), 
53. (a),

18. (b), 
24. (a), 
30. (a). 
36. (a), 
42. (d), 
48. (c). 
54. (c).
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2
MOLECULAR PHYSICS

STRUCTURE
Molecular Spectrum
Molecular Energy States and Its Spectra
Main Features of Pure Rotational Spectra
Molecule as a Non-rigid Rotator
Isotope Effect on the Rotational Spectrum
Homonuclear Molecules do not show Rotational Spectra
Vibration Rotatioal Spectra
Molecule as Anharmonic Oscillator
Isotope Effect in Vibrational Rotational Bands of a Diatomic Molecule 
Molecule as Vibrating Rotator: Fine Structure of Infra-red Bands 
Applications of Vibrational Spectroscopy
General Experimental Arrangement for Studying Infra-red Spectra 
Raman Effect
Main Features of Vibrational and Rotational Raman Spectra of Diatomic Molecules 
Difference .Between Infra-red Spectra and Raman Spectra of Diatomic'Molecules
• Test yourself
• Exercises
• Answers

LEARNING OBJECTIVES

After learning this chapter, you will be able to know
• Different types of molecular spectra.
• Molecular energy states.
• Main features of pure rotational spectra.

I
• Molecule as a rigid rotator and non-rigid rotator.
• Diatomic molecule as a harmonic oscillator.
• Study of an harmonic oscillator.
• Fine structure of infra-red bands and the study of infra-red spectra.
• Study of Raman effect.

• 2.1. MOLECULAR SPECTRUM
When light from a source containing a substance in molecular state is sent into a 

spectrometer, more or less broad wavelength regions are observed in the spectrum. 
These regions are called bands and spectrum is called band sectrum or molecular 
spectrum.

Types of Molecular Spectra
The molecular spectra can be divided into three spectral regions corresponding to 

different types of transitions between molecular energy states.
1. Electronic spectra : These spectra are observed both in the visible and 

ultra-violet region. Each spectrum contains a large number of bands. Each band
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Atomic and Nuclear Physics contains a series of lines. This type of spectra is obtained for Homonuclear (both atoms 
are same H2) and for Heteronuclear (both atoms are different) diatomic molecules.

2. Vibrational-rotational spectra : These spectra are observed in absorption in 
the near infra-red region (1 p-100 p, p * 10"^ cm = 10^ A). Each spectrum contains an 
intense band called fundamental, and a few weak bands. Each band contains line. 
These bands are observed for Heteronuclear molecules only such as HCl, HI etc.

The Homonuclear molecules like H2, N2,02 do not produce these spectra.
3. Pure rotational spectra : These spectra are observed in absorption in the far 

infra-red (10 p - 1000 p) or in the microwave (10^ p -10^ p) region. Each spectrum 
contains a series of nearly equidistant lines. Only Heteronuclear diatomic molecules 
produce this type of atomic spectra.

• 2.2. MOLECULAR ENERGY STATES AND ITS SPECTRA
Molecular energy state arise from the rotation of a molecule as a whole, from the 

vibrations of its constituents nuclei relative to each other and from changes in its 
electronic configuration. Rotational energy states are separated by small energy 
intervals (*» 10“^ eV). So that the spectra produced from transition between these states 
lies in the far infra-red or microwave region.

The vibrational state are separated by a little larger energy intervals (« 10"^ eV), so 
that the vibrational spectra fall in the near infra-red region.

The electronic state have significantly higher energy separation (* 10 eV) so that 
electronic spectra fall in the visible and ultraviolet region.

The rotational energy states are characterised by rotational quantum number J and 
the vibrational energy state are characterised by v. The energy corresponding to 
rotational motion is denoted by E,. and energy corresponding to electronic 
configuration is denoted by Eg. Thus the total energy is given by

E = Eg = E^, + Er
Eg is the energy which the molecule would possess if nuclei wave fixed and then it 

will consist of the kinetic and potential energies of extra nuclear electrons and the 
potential energy of the repulsion of the nuclei. It is defined by a group of quantum 
number A, Z, H.

Ey is the additional energy which molecule would possess, if the nuclei executed 
vibrations. It is defined y a single quantum number v.

E,. is the additional energy which the vibrating molecule would have, if it rotates 
also. It is defined by a quantum number I. In wave number equation (1) may be written

...(1)

as

he he he he
...(2)T = Te+G{u)+F(v, J)or

J = rotational quantum number
Here is electronic term, G(u) is the vibrational term and F (v, J) is rotational 

term. Thus the molecule has a number of discrete electronic level with separation of the
same order as in atoms. With each electronic level there are a set of vibrational energy 
level with spacing decreasing as the quantum number v increasing. With each 
vibrational level there is a set of rotational level whose spacing increases as the 
quantum number J increases.

For a single transition between electronic levels there are a large number of allowed 
transitions between the vibrational and rotational levels. All the lines which are 
produced from transitions between rotational levels, characterised by J' and J", 
associated with a given pair of vibrational level characterised by v' and u" of a given pair 
of electronic level form a band. A single electronic transition produces an electronic 
band system. Each line in each band of the system is produced, due to a change in all 3 
energies Eg, E^ and E,.. Thus
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V =

he
(E',+E',-^E',)-{El-^El+E';.)

he
f j?' I?" ^ 'E/-Ey 

. he ,
'e',-e;^

he
+ +

he
(Vg >Vg >V;,)

For a given band, Vg and Vg are constant while changes from line to line. The 
position in the band where V,. = Ois called band origin. In wavenumber, it has value

V =Vg + Vg

For a given band system, Vg is constant, whereas Vg varies from band to band. The 
position where Vg = Oand v,. = Ois called the system origin. Its wave number is Vg.

Besides electronic band, we have non-electronic bands also which are of two types :

(i) Vibrational-Rotational Bands : A vibration-rotation band arises due to
transitions between two vibrational levels associated with the same electronic level. 
The lines of the band result from the transitions between the rotational levels of one 
vibrational level and the rotational levels of the other, so that the wave number of a line 
is Vg + V;-. Such bands occur in near infra-red. j

(ii) Pure Rotational Bands : These are rather lines, each of which arises from the 
transitions between two rotational levels associated with one and the same vibrational 
level of a given electronic state. They occur in the far infra-red or in the microwave 
region.

.••(3)= Vg + Vg +Vg

• 2.3. MAIN FEATURES OF PURE ROTATIONAL SPECTRA
These spectra are produced from transitions between rotational energy states.
They fall in the far infra-red (10^ p to 10^ p) or microwave (lO^p to 10“* p) the 

region of the electromagnetic spectra.

Only molecules that have permanent electric dipole moment can absorb or emit 
electromagnetic radiation in rotational transition. Thus homonuclear diatomic 
mlecules such as H2,02, N2 symmetric linear molecules such as C02(0 = C = 0) and 
spherical top polyatomic molecules such as CH4 do not produce rotational spectra.

In practice rotational spectra are observed in absorption. For heteronuclear 
diatomic molecules such as HF, HCl, HBr, CO......

The rotational spectra contains a series of absorption maxima which are very nearly 
equidistant on a wave number scale as shown in the following figure.

AA
V (cm b

Fig.1

Importance : A measurement of frequencies of the rotational lines is helpful in 
determining the moment of inertia and the internuclear distance of of the 
diatomic molecule. This is heteronuclear diatomic molecules.

For homonuclear molecules, rotational fine structure of electronic bands and 
the rotational Raman spectrum are used.

Explanation : According to classical electrodynamics, a rotating molecule can 
produce emission of radiation only if the electric dipole moment of the system changes. 
All heteronuclear diatomic molecules which have dissimilar atoms (HCl like), have an 
electric dipole moment because the centres of +ve and -ve charges do not coincide. If
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Atomic and Nuclear Physics Vfot. be the frequency of the rotation of the molecule then, the mlecule will emit a 
radiation frequency v 
classical theory fails.

In quantum mechanics, molecule can be treated as a rigid rotator.

Molecule as a rigid rotator
In this case, the internuclear distance between 

two atoms is fixed (assumed). A model is shown in 
following Fig. 2 where Mi and M2 are the mass of 
1st and Ilnd molecule and and r2 its distance 
from centre of mass respectively.

If T be the moment of inertia of the system about the axis of rotation X to the 
internuclear axes, passing through the centre of mass then

2 2 I = fUir^ + m2r2

Experimentally, we observed a series of lines and thusrot. •

axis of rotation
Ml M2

r2-

Fig. 2

• ..(1)

by definition of centre of mass
mi ri = m2 r2 

^2^2So that = mi
m2 (r-n)ri =
mi

and ri+r2 =r
Hence, we get

m2n = mi + m2
...(2)Similarly

mi
^2 = m\ + m2

Now equation (1) and (2) gives

mj + m2
1 = -..(3)

mj m2where p is the reduced mass of the system having value p = . Thus diatomic
mi + m2

molecule is equivalent to a single point mass 'p' at a fixed distance 'r' from the axis of 
rotation. Such a system is called a simple rigid rotator.

In order to determine the possible energies of rotation of the molecule, we have to 
solve the SchrMinger equation of a rigid rotator which is

...(4)V \|/ +

The potential energy v (r) = Obecause the distance r is fixed (equilibrium distance).
It is easier to solve equation (4) in spherical polar co-ordinates by the method of 

separation of variables where we take
H/(r, 0, (f)) = i? (r) 0 (0) 4) (({)) •••(5)

proceeding in the usual way the' 0' equation gives
IE = c7(J + l)

...(6) J =-.0,1,2,....E =or
8n^I

where J is positive integer called rotational quantum number. The energy E given by 
equation (6) gives different rotational energy levels.
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Molecular PhysicsSpectrum

It is easier from equation (6) that the rigid rotator has only certain discrete values of 
energy. In terms of wave number, the energy equation (6) becomes

= ^ = -4- + cm-i ...(7)
he B,n^IC

h ...(8)5 =writing

F (J) = BJ(J + 1) ...(9)
J = 0,1, 2,....

F(J) = 0. 2B, 6B, 12B, 20B, SOB,
B = rotational constant.

Thus we have a series of discrete rotational energy levels whose separations 
increase with increasing J.

When transition takes place between an upper level J' and a lower level J". Then 
the wave number of the emitted or absorbed radiation is given by

v = F(J')-F(J") 
v = BJ’ (J'+1)-BJ"(J'’ + 1) ...(10)or

Selection rule
A study of the matrix elements of the electric dipole moment shows that the 

rotational transition take place only when the rotational quantum number J changes 
by unity be

Ac/ = ± 1 -..(11)
Since in equation (10) we have taken J' > J" 

therefore J'- J" = + l 
J' = J'' + 1

Now equation (10) gives

V = 5 (c7" + 1) (J" + 2) - BJ" (J" + 1) 

v = 2B(J'' + l)For simplicity

Put(J" =c/)
v = 2B(J + l)

Equation (12) gives the frequencies of different 
rotational lines namely,

V = 25, 45, 65, 85,.....
Thus, the absorption spectrum of a rigid rotator ^ 

is expected to contain a series of equidistant lines 
with a constant separation 26-provided transition 
starts from different energy levels as shown in Fig.

...(12) c/ = 0,l,2,3,....
F(j)
SOB

5

20 B

12 B
23. 6B

At room temperature, quite a good number of i 
molecules are in the excited rotational energy ^ 
levels. Hence above spectrum is quite expected.

Observation show : Observations shows that 
the lines are not equidistant. This can be explained 
by considering diatomic molecule as non-rigid 
rotator.

2B
0

2B 4B 6B 8B lOB
V (cm“^)

Fig. 3

• 2.4. MOLECULE AS A NON-RIGID ROTATOR
It is found that the rotational when the rotational lines are not exactly equidistant. 

Infact, separation decrease slightly with increasing rotational quantum number (J).
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Atomic and Nuclear Physics This is because the molecules are not rigid. They stretch during rotation. Thus their 
bond length increases with increasing rotation. Taking stretching into account the 
rotational terms can be written as

FiJ) = BJ (J +1) (J + if ...(1)
There D is the centrifugal distortion constant and is much smaller than rotational 

constants. Due to the centrifugal term (J + l)},the increasing in separation with 
increasing J becomes less rapid, as shown in the Fig. 4. The wave number of the 
rotational lines is now given by

J
7
6
5
4
3
2
1
0

Non-rigidRigid
Fig. 4

v = F(J + l)~FiJ) 
v = W(J + l)~4D(J + lf ...(2)or

= 2B-4Z), 4B-16D,Frequencies expected are
^ince D «B, therefore the separation between lines increasing slightly with 

increasing J, as is observed.

• 2.5. ISOTOPE EFFECT ON THE ROTATIONAL SPECTRUM
hThe rotational constant B is given by S = There p is the reduced mass of

the diatomic mlecule. Clearly, p will be different for different isotopic molecules. 
Consequently, B is also different for different isotopic. Further, the effect of mass is 
negligible. When compare to electronic effects in the determination of equilibrium 
internuclear separation. Thus this separation is j 
equal in isotopic molecules and only reduced masses 4 
are different.

F(J) F' (J)

If B is the rotational constant for heavier isotope, ^ 
then B' <BandF'* {J) < (J). Thus the separation 2 
of levels for heavier isotopes will be smaller than ^ 
those of corresponding levels of the lighter isotope as ^ 
shown in Fig. 5. Consequently the spectral lines will 
also be closer.

Fig. 5

• 2.6. HOMONUCLEAR MOLECULES DO NOT SHOW ROTATIONAL 
SPECTRA
Molecules are of two t5mes — (i) homonuclear molecule, formed by the similar atoms, 

like H2 N2 .... etc. (ii)',heteronuclear molecule, formed by different atoms, like HCl,
HBr, CO, ...... The net dipole moment of a homonuclear molecule is zero while
heteronuclear molecules have not permanent dipole mooment. These molecules are 
interacted with the oscillating electric field of the radiation to absorb the rotational 
energy and then produce the absorption spectrum. The electric field pushes the positive 
charge up and the negative charge down. This makes the rotation of molecule faster 
Fig. 6.
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If radiation and molecular rotation are in resonance, then often half a cycle, the 
electric field will again makes the rotation of molecule faster. In this position molecule 
reaches in higher rotational energy and produces rotational spectrum. This shows 
clearly that the production of absorption spectrum is due to electric dipole moment of 
the molecule.

Since homonuclear molecules have no permanent dipole moment and so there is no 
absorption of infra-red radiation i.e., do not show rotational spectrum. Rotational 
Raman Spectrum is obtained for all molecules because it arise due to the polarisability 
of molecules. Hence, homonuclear molecules show rotational Raman Spectra.

Example — H2. N2,02
while only HCl, OH, CO will give pure rotational spectrum.

etc., show HCl, CO, OH, rotational Raman spectra

• 2.7. VIBRATIONAL ROTATIONAL SPECTRA
Main features

This type of spectra is produced from transitions between vibrational energy state 
associated with the same electronic state of-the molecule.

These are observed in the near infrared=(l p to 100 p) region of the efectrdmagnetic 
spectrum. '

The vibrational rotational spectra are obtained only for molecules having 
permanent electric dipole moment, i.e., heteronuclear diatomic molecules.

When the nuclei of heteronuclear diatomic molecule vibrate relative to each other 
the internuclear distance changes. Consequently, the electric dipole moment also 
changes periodically. with a frequency of vibration then according to classical
electrodynamics such a vibrating molecule will emit a 
radiation of frequency

If the molecule interacts with electromagnetic 
radiation it can absorb radiation of frequency v

In practice, vibrational rotational spectra are 0 
observed in absorption. The spectrum of a heteronuclear 
diatomic molecule such as HCl contains an intense band 
called fundamental band together with a number of 
weak bands called overtones, at wave numbers 
approximately double, triple, 
as shown in Fig. 7.

In case of HCl on closer examination, the fundamental 
absorption band is found to contain two close maxima due 
to isotope effect as shown in Fig. 8.

Fundamental Band HCl

HCl1osc.
5000 10,000

V (cm"b
Fig. 7

HCl^S
HCl^^

to the fundamental band

V (cm
Fig. 8

i
Self-Instructional Material 39



Atomic and Nuclear Physics Under high resolution a single band is found to contain a large number of lines 
which are not equidistant.

Diatomic moiecule as a harmonic oscillator
This is the simplest possible model of vibrating diatomic molecule. In this case the 

potential energy function is parabolic and has the following form
vir) = ^K(r-r,f =~Kx^ -.(1)

where K is force constant, x is displacement of oscillator from equilibrium position, is 
the equilibrium internuclear separation.

The Schrodinger wave equation describing the motion is 

dx^ A ^ V 2
here p is reduced mass of diatomic molecules, h is Planck's constant and v|; is wave 
function.

•..(2)H/ = 0

a =---- -— ...(3a)Using
A2

i ...(3b)and P =

Then equation (2) becomes

^+(a-pV)M/=0 -(4)
dx

The form of differential equation (4) on using the transformation

^ d \\i a -2 

rfr J
The form of differential equation (6) suggest that the solution may be written as

M;(0 = Ct7(^)2e“^'^2

•••(5)

becomes •••(6)

•••(7)
where C is constant.

From equations (6) and (7), we get

c/^2 1^ p J
d^U 2^dU 
d^

■\-2vU =^0 -..(8)or

- - 1 = 2i;where •..(9).P
On examination equation (8) shows that it is Hermite differential equation so that 

we can write
U(^) = H, (0

so that the solution (7) becomes
-^2/2= (Oe ...(10)

The solution (10) is an acceptable solution provided u = 0,1, 2 

Energy levels : Using equations (3a), (3b) and (9), we get

- - 2u + 1 ’
P
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E = ^

Molecular Physics

2J
K 1 ...(11)i; + —

271 “V ^ I, 2;
or

J_ K
271

But ...(12)“ = Vosc.

^OSC. classical frequency of harmonic oscillator. So that equation (11) becomes
1^E = hv ...(13)i; + -osc. V

v^l, 2, 3,....

Equation (13) gives the allowed energy levels for the diatomic molecules considered 
as simple harmonic oscillator. It is clear from equation (13) that such a vibrating

molecule has energy of - hvQgfj in the lowest vibrational state (o = 0). This is called
2

zero point energy.
Expected spectra: The vibrational energy levels in term of wave numbers is given

by
n^ ^OSCG(v) = ...(14)1) + -

hC C 2)

where equation (13) has been used. Vog^, is the classical frequency in cm ^ and is called 
vibrational constant. It is denoted by co. Now equation (14) becmes

-1G(i;) =co ...(15)v + — cm
2J

u = 0,1, 2, 3,.....

It is clear from eq. (15) that the vibrational levels are 2 
equispaced, having separation co cm"^. These levels are

shown in the Fig. 9.

Selection rule : For a harmonically vibrating molecule, 
the matrix element of electric dipole moment is 
non-vanishing when

Him 0) 
79/2(0 
/7/2(o 
5/2 0) 

ymoi 
1/2(0

4
3
2

v = 0

1
...(16)Au = ± 1

This is the selection rule for vibrational transitions.
-► V (cm

When a transition takes place betwen a upper level i/ and a lower level v" then the 
wave number of the emitted or absorbed radiation is

V = u (i/) -u (v")
f l\ f

0 l/+ - - 0 V” + — -1 ...(17)v = cm
2/ 2/

i
In view of selection rule (equation 16) 

1/ = u" + 1 (V 1/>V")

Now equation (17) gives

-1- 0 v" + — cmv = 0
2. 2)

f „ 3 1''
v=0 V +-----V------ -1cm

2 2J
-1v = 0 (1) = 0 cm

Thus the vibrational spectrum is expected to contain a single band at © cm
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Atomic and Nuclear Physics Assuming diatomic molecule to execute simple harmonic motion explains the 
observation of very intense band in the infra red region but-it does not explain the 
existence of weak of very intense band in the infra-red region but it does not explain the 
existence of weak overtoned bands whose frequencies are nearly two or three times 
the frequency of the fundamental band.

The existence of overtoned bands can be explained by considering diatomic molecule 
as an harmonic oscillator.

• 2.8. MOLECULE AS ANHARMONIC OSCILLATOR
We know that the actual infra-red spectrimi contains an intense (fundamaental) 

band at wave number ‘d and a number of weak bands (overtone), at slightly lower wave 
number thp '* 2 co, 3 o)  The observations of overtones indicates that the selection rule

Av = ±1
is not strictly obeyed and transitions corresponding to Au > 1 do take place. This implies 
that the electric dipole moment of the molecule is not perfectly hnear w.r.t. the 
internuclear xir-r^). This is known as electrical anharmonicity of the molecule.
Further since the overtones appears at slightly lesser than 2 co, 3 co..... It is impliedthat
the energy levels are not equally spacedbut converge slowly. Thus for an actual 
molecule the potential energy curve is not parabolic (except near the minimum) i e., the 
potential energy function V (r)contains non-linear (quadratic, cubic ...) terms also. To a 
good approximation we can write

Vir)=f(r-r,f-g(r-r,f

V(r)~ fx^ -gx^ (•••

On using this value oiV (r)in the Schroedinger equation and solving by perturbation 
method it is found that the energy values of the anharmonic oscillator (diatomic 
molecule) are

v + - -hcdg XgE{v)= hc(Sig ...(2)U-i-- +
2; 2

In wave number units above equation becomes

G(i;)=C0g v + - -CDg Xg -(3)-I-
22

E(v))u{v) =
he

Here co^ x^ is called the anharmonicity 
constant and is much smaller than vibration 
constant cOg.

The energy levels of diatomic molecule considered 
as an harmonic oscillator are shown in the following 
Fig. 10. This shows that energy levels are not 
equidistant, but their separation decreases slowly 
with increasing v.

The zero point energy of an harmonic oscillator is 
obtained by putting o = 0 in equation (3), we get

G(0)=ia)g -i tOgXg +

If the energy levels are measured taking this lowest level as zero then
Go(l')=COo[J-0)o 3Co +.....

coq =cOg +  

“0^0 = - 

...(4)

-(5)
where
and -.(6)
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Molecular PhysicsExpected spectrum : The eigen functions of the anharmonic oscHlator are quite 
similar to those of harmonic oscillator. Thereore, the selection rule

Au = ± 1

still holds. It gives the most intense transition. Transition corresponding to
Au = ± 2, ± 3,....

5can also appear with rapidly decreasing intensity.

In view of above selection rules, the possible transition in 
absorption (wh^n all the molecules are initially in the u = 0 
state) are shown in the following figure along with expected 
spectrum.

It is clear from the Fig. 11 that transitions with 
Au = 2, 3, 4, ....produce lines whose frequencies are not exactly 
2. 3, 4,
transition Av = 1, in agreement with observations. The 
absorbed wave number or the transition u 0 are

4

3

2

1
0

times the frequency of the line obtained from the v(cm
Fig. 11

V = u.(v)-u (0)
V = Uq (u) ~ Uq (0) 
v = -COo^qI’^ . 0=1, 2,3
v = COQt' -COq^KoO^ ...(7)

Thus the observed absorption frequencies (in cm~^)give directly the positions of the 
vibrational levels above the lowest level.

• 2.9. ISOTOPE EFFECT IN VIBRATIONAL ROTATIONAL BANDS OF A 
DIATOMIC MOLECULE
We know' that isotopic molecules difer only in mass. Assuming harmonic vibration, 

the classical vibration frequency is given by

_ J_ !K
where K is force constant and p is reduced mass of the system. The force constant K is 
determined by the electronic motion only, hence it is exactly the same for different 
isotopic molecules but the reduced mass is different for different isotopes. If the heavier 
isotope is denoted by' i'

...(1)

Y = P (say) ...(2)
<0 Vosc.

Since p > 1,hence co* < o) t.e., the heavier isotopic molecules have smaller frequency.

The vibrational terms of two isotopic molecule (assuming harmonic vibration) are 
given by

fG(v)-io v + —
K 2^

1G‘(u)=o ...(3)and V + - =P 0) 0 + -2j I 2)
Therefore the isotopic shift of a vibrational level (u) is given by

-G(o)=(p-l)co u + i 
_______ , \ 2^

(u)=

G‘ (v)<G(v)which shows (••• P < 1)

This implies that vibrational level of the heavier isotope are lower than the 
corresponding levels of the lighter isotope as shown in following figure 12.
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2

1

0

Fig. 12

• 2.10. MOLECULE AS VIBRATING ROTATOR : FINE STRUCTURE OF 
INFRA-RED BANDS
It is observed that the near infra-red spectra of molecules contains bands. Each 

band contains lines arranged in a definite manner. This observed fine structure 
suggests that in a vibrational transitional the molecule undergoes rotational 
transition also. Therefore the molecule must be treated as a vibrating rotator.

Energy levels (terms) : For simplicity, we ignore the interaction between 
vibrational and rotational motion of the molecule. So, the term values of a vibrating 
rotator would be the sum of the term values of the enharmonic oscillator and the rigid 
rotator i.e.,

1n1/2
G(u)+F(J)= dig u + — + BJ (J + 1) ■M)

2> 2
hB = _Awhere -(2)

Sn^IC STT^pr^c

(.•. v = nr)

Equation (1) gives a set of rotational levels, with similar spacings, associated with 
each vibrational level. So, a transition between two vibrational levels will be 
accompanied by a number of transitions between allowed rotational levels. Thus a 
band with rotational levels is obtained. The arrangements of Hnes in the band does not 
agree with the observations. Therefore vibration-rotation interaction should be taken 
into account.

During vibration of the molecule, the equilibrium internuclear separation increases 
with increasing vibrational quantum number v. Consequently the momennt of inertia of 
the molecule also increases and the rotational constant B decreases. Thus, B (which 
determines the spacing between rotational levels) is diferent for different vibrational 
state. Therefore, we denote rotational constant by B^J and thus interaction between 
vibration and rotation is taken into the account.

Further in a given vibrational state the internuclear distance and the rotational 
constant changed during the vibration. Therefore, we must have a mean value for the 
rotational constant in a given vibrational state i.e.,

T]
Bu =—T ...(3)

/u

r-1" — in the vibrational state ' v'here is the mean value oflr2 yv
7^It can be shown that the rotational constant By in the 

vibrational sta'te ' i/ can be written as
1^By =Bg -ttg 4; + — ...(4)+ re2>

Fig. 13
where is a constant i.e., «Bf,. Bg is the rotational
constant corresponding to the separation at the minimum of the potential energy' 
curve as shown below
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Molecular Physicsh
Be = Sti^Ch i?| ^"

Now, the term values (energy levels) of a vibrating rotator is given by
1')^

V + — + Bq tJ («/ + 1)
2y

1 ..(5)G(u)+Fy(J) = 0g U + - -(O^Xg
2 •1

It is to be noted that the factor decreases slightly with increasing v. So, that 
By' <By . Consequently, the separations between the rotational levels associated with 
u = 1 are slightly smaller than these between the levels associated with u = 0, as shown 
in the Fig. 14.

J'
5

4 V v'= 13
2
1
0

J”
5

4
• v" = 03

2

0 J

P(5) f P(3) f P(l) VO f R(l)fR(3)f 
R(0) R(2) R(4)P(4) P(2)

Fig. 14

Expected Spectrum : Since the eigen-functions of the vibrating rotator are 
roughly the products of eigen-functions of the oscillator and the rotator hence the 
selection rule for the allowed transitions are as follows :

Ai; = ± 1, ± 2,....
AJ =±l.

-..(6)

For the main absorption we have Au = + 1 and the most probable transition is
u' = 1 <— y" = 0

For J both type of transitions, AJ = ± 1, are possible in absorption because the 
two cZ-levels belong to different vibrational level.

For a given vibrational transition, the rotational transitions AJ = -i-lgive one set of 
lines called the i?-branch. While the rotational transition AJ = -l give the other set of 
lines called the P-branch. All the lines for both branches form a vibration 
rotation band.

The wave numbers of the branch lines of a particular band (i/ , v") are given by 

v = [G(i/)+P(i/./)] -{Giv")+Fiu",J")}
= Giif')-Giu")+ S/J'(J'-Hl)-P'dr" (J" + 1)
= Vo + By' J' {J'+l) -BTyJ"(J" + 1) 

where Vq = G(i/) - G (i/ )is the wave number of the pure vibrational transition for which 
J' = J" = 0, which is not allowed because AJ = 0 is not allowed, vq is known as wave 
number of the band origin and it corresponds to the missing line in the band.

...(7)
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Atomic and Nuclear Physics i2>branch : Here AJ = J'- J." = +1. So that J' = J" +1 Therefore the wave numbers 
of the lines of 7?-branch are given by (using equation (7)).

=vo+B,'(r + + 2)-K'JV" + 1)
=vo + 35*^ -K'J"

• ••(8)
J"=0,1, 2,....

Thus the JR-branch contains a series of Hnes named as i?(0), i?(l), i?(2),.... 
corresponding to J" = 0,1, 2, ....on the high wave number side ofvg.

Since B^j'« B'y .hence is always negative but it is small.
The term (35^' -El)& positive because is only slightly smaller than because 

of Ilnd (linear) term and the Illrd (quadratic) term are of opposite sign, hence the line 
spacing decreases quite slowly as J" increases, as shown in Figure below.

P-branchFor this branch AJ = J'-J” = -1 so that J'~J" -1, using equation (7). 
The wave numbers of the lines of P-branch are given by

vp =vo+B,'iJ"-B'iJ'’ (J" + l)
= \>o + B^'J’'^-B^'J-’ J"2 - F' J"
= Vo~{B,'+Bi)J'’HB,'-Bi)J''^ ...(9) J"=l,2,3,....

Thus the P-branch contains a series of lines named P(l), P(2), P(3), ....
corresponding tf" = 1, 2, 3,.... on the low wave number side ofvp ,as shown in the above 
figure.

In this case, both the linear (Ilnd) and the quadratic (Illrd) terms in equation (9) are 
-ve (because is -ve) hence the lines spacings of this branch goes on increasing
with J".

Equation (8) and (9) giving wave numbers of R and P-branches, represent a 
parabola.

It is possible to write equations (8) and (9) in the following combined from 
v 0 + (Fy'+F') m + (F^'-F;; ) m ^ 

m = J'' + l = l,2,3, ... 
m=-J"=-l.-2,-3, 
m = 0

A plot of equation (10) is shown in the following Fig. 15 (which is a parabola). The 
dashed line indicate the corresponding plot if Fy' = F^.

Vp

•••(10)v =
forline8F(0),F(l),F(2), 
for linesP(l),P(2).P(3) 

for the band origin vq-

where
and
and

5
4
3
2
1

m 0
Vo-1

-2
-3
-4
-5

• 2.11. APPLICATIONS OF VIBRATIONAL SPECTROSCOPY
(i)'Determination of force constant: The force constant, which is a measure of 

stiffness of the band, of a molecule can be evaluated.
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Molecular Physics(ii) Determination of moments of inertia : The moment of inertia can be 
deduced from the rotational structure of the vibrational band.

(iii) Determination of molecular shape : The molecular shape (whether linear 
or bent) can sometimes be deduced from the number of absorption bands observed in 
the vibrational spectra of the molecule.

(iv) Indication of the presence of certain groups in the molecule : Bands or 
groups within large molecule sometimes vibrate with a frequency that is little affected 
by the rest of the molecule. Therefore, these groups will show absorption at their 
characteristic frequencies or conversely, absorption at a frequency that is 
characteristic of a particular group, can be taken as an indication of that presence of the 
grou in the compound under study. For example, all compound with single 
carbon-hydrogen bonds how a band near 3.5 due to a C—H stretching mode, and all 
compounds containing a carbonyl group have a bond due to a C — O stretching mode 
near 6p. Thus study of infra-red absortion spectrum of a large molecule gives the 
identification of a particular group being present.

(v) Identification of unknown compound by matching : The vibrational 
spectra is used in verifying the identity of a compound by matching its infra-red 
spectrum to that of a known sample. If the infra-red spectra of two substances are 
identical, the compounds are also identical. The complex spectra (above 7 p, called 
finger print region) due to large molecules are used in such attempts of matching.

• 2.12. GENERAL EXPERIMENTAL ARRANGEMENT FOR STUDYING 
INFRA-RED SPECTRA
Infra-red spectra lie in region 2.5 p to 25 p. For spectroscopic study of the spectra, 

the basic requirements are a source, a dispersion element, and a detector. The block 
diagram of the arrangement used to observe absorption spectra is shown in Fig. 16.

Sample -> Dispersion Detector -► AmplifierSource

Recorder

Fig. 16. Arrangement for observation of absorption spectra-single beam.

We shall now discuss the parts of the arrangements for infra-red region.
(i) Source : A hot strip of material emitting all frequencies is preferred as an 

infra-red source. The emission maximum lies in the near infra-red; The energy at each 
frequency increases with source temperature.

(ii) Sample : Gas samples are studied in glass cells that are about 10 cm. in length 
closed at their ends with rock salt (sodium chloride) windows. The cell is evacuated and 
the sample is filled through a stop cock or needle valve. The window material, which is 
transparent over infra-red region to all the radiations to enter the sample, should be 
inert. Sodium chloride is transparent at wavelengths as long as 16 p, potassium 
chloride can be used upto 2 p and cesium iodide to 40p.

Samples that are liquid at room temperature are usually scanned in their pure 
form. The samples thickness should be chosen so that the transmittance lies between 
15 and 70 percent.

Solid samples, whenever possible are dissolved and examined as dilute solutions.
(iii) Mirrors : Mirrors are used for collimating and focussing of radiations in 

infra-red region.
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Atomic and Nuclear Physics (iv) The dispersing media : Media used for dispersion are prisms of suitable 
material, gratings or their combination. The choice of prism material depends upon the 
region of spectrum under investigation.

(v) Detectors : Thermopiles, Bolometers and Golay cells are used as detectors. 
They measure the radiant energy by virtue of its heating effect.

(vi) Amplifier : After measuring the radiant energy, it is amplified by the 
amplifier.

(vii) Recorder : The amplified radiation is recorded by the recorder.

• TEST YOURSELF
1. Show rotational lines are not exactly equidistant.

2. Explain the isotope effect on the rotational spectrum.

3. Why pure rotational band spectrum are not obtained for homonuclear molecules ?

• 2.13. RAMAN EFFECT
When a strong beam of visible or ultraviolet light having spectral lines, illuminates 

a gas or a liquid or a transarent solid than a small fraction of light is scattered in all 
directions. The spectrum of the scattered light is found to contain the lines of the same 
frequency as the incident beam (these are called Rayleigh lines) and also some weak 
Unes of changed frequencies. These additional lines are known as Raman lines. This 
phenomenon is known as Raman effect.

A tjrpical Raman spectrum of a diatomic gas is shown in figure 17.
Exciting (Rayleigh)

Line

Stokes
Line Antistokes'

Line

Av (cm Av (cm"^)
Fig. 17
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Molecular PhysicsThe displacements (in cm of the Raman lines from the corresponding exciting 
lines are independent of the frequencies of the Rayleigh lines.

If another light source with a different line spectrum is used, other Raman lines are 
obtained for the same scattering substance. But the displacements from the exciting 
lines (Rayleigh) are the same. Further for different scattering substances the 
displacements have different magnitude. Thus, the Raman displacements are the 
characteristic of the scattering substance.

The Raman displacements agree exactly with the wave number of the main 
vibrational-rotational absorption band is the near infra-red spectrum of the molecule. 
This is true for all diatomic molecules for which both the Raman spectra and infrared 
spectra are observed. All molecules (homonuclear and heteronuclear) give Raman 
spectrum.

Under high resolution, the exciting line contains many approximately equidistant 
lines quite close to the exciting line, this is pure rotational Raman spectra.

Experimental Setup for Raman 
Spectra

A typical arrangement for 
obtaining the Raman spectra of 
liquids is shown in the following 
Fig. 18.

The source is a large spiral 
discharge lamp L, wrapped around 
the Raman tube T and contained 
in a reflector R. The Raman tube is surrounded by an angular jacket J through which is 
circulated the filtering solution to isolate one of the desired mercury lines. The 
scattered light passes through the stop S is focussed on the slit of a spectrograh 'G'. 
Exposers of several hours is necessary to photograph the Raman lines. Instead of 
spectrograph a photoelectric spectrophotometer can also be used as a recorder.

The Raman spectra of gases are generally weaker than those of Uquids. Now a days 
lasers provide extremely intense and monochromatic Raman source. So, it is now easier 
to get Raman spectrum of good quality using lasers.

Basic requirements : These are the following :
1. A proper source
2. A Raman tube
3. A spectrograph
1. A proper source : The source must be an intense line source with distinct lines 

in the blue-violet region. Thus a mercury arc or a discharge lamp is a proper source, its 
prominent lines 2536, 4047 and 4358A may be used.

The 4047A line may be isolated by using a noviol glass and a solution of iodine in 
CCI4. The line 4358A may be filtered by a thin sheet of yellow noviol combined with 
quinine.

2. A Raman tube : The Raman tube used for liquids is a thin-walled glass or quartz 
tube, about 15 cm. long and 2 cm. in diameter. Its one end is closed with an optically 
plane glass or quartz plate and the other end is drawn out into the shape of a horn arid 
covered with black tape. The flat end of the tube acts as the window through which the 
scattered light comes out. The blackened horn shaped end covers the total reflection of 
backward scattered light and provides a dark background.

3. A spectrograph : A spectrograph could be a good prism spectrograph with a 
short focus camera. It has high light gathering power combined with high resolution.

R

V 0 Spectrographm A
iZ-Z',

lC
R

Fig. 18
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Atomic and Nuclear Physics • 2.14. MAIN FEATURES OF VIBRATIONAL AND ROTATIONAL RAMAN 
SPECTRA OF DIATOMIC MOLECULES
The Raman lines corresponding to each Rayleigh line occur symmetrically on both 

side of this exciting (Rayleigh) lines. The lines on the low frequency side of the exciting 
(Rayleigh) line are called Stokes lines, whereas those on the high frequency side are 
called anti'Stokes lines. The antistokes Raman lines are much weaker (low intensity) 
compare to the Stokes Raman lines.

V

VI

<
<3 +

iE'-

AE
I'—tE"

Fig. 19

Explanation on the basis of Quantum theory
When an incident photon of energy hV collides with a scatterer molecules, initially 

in a stationary state E" then, it can either be scattered elastically or photon can be 
scattered inelastically. Thus the light quantum can give or take from the system only 
amounts of energy that are equal to the energy differences between the stationary state 
of the system. Suppose AE = E-E" is the energy difference between two states of the 
system. Then if the system is initially in the lower state E", it may go to the upper state 
E' by taking energy A£^from the light quantum. Thus after the scattering the energy of 
the scattered light quantum is hV~AE. The frequency of the scattered light quantum is

aeequal to v'----- in this case. This gives the Stokes line.
h

Suppose the system is initially in the stock E' and it goes to state E" by giving energy 
\R to the light quantum. Now the energy of the scattered light quantum is hv'+AE.

AETherefore the frequency of the scattered light quantum is ^4- — in this case. Now we
h

get anti-stokes line. Thus quantum theory explains Raman effect nicely. It is clear that 
f AE^the Raman shifts — , give directly the energy differences of the system in cm“^ 

h J
In case of free molecules scattering hght, the energy difference AE absorbed or 

emitted by the molecule may be the energy difference between two vibrational levels or 
two rotational levels. Therefore we can have Raman vibrational spectrum and a 
rotational Raman spectrum.

Vibrational Raman spectrum
The vibrational Raman spectrum is obtained due to the transition of the molecule 

from one vibrational energy state to the other of the same electronic state. Quantum 
mechanically the selection rule is

\

A u = ± 1
This is the selection rule for the infra-red vibrational Raman spectra, as obtained for 

heteronuclear molecules.\
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Molecular PhysicsExpected spectrum
It consists of two lines at wave number given by

1= v± w u + — ~ w (; + -
22J

Raman ...(A)= V ± u;

Above equation may be re-written as

Avl^ ...(B)= wRaman

V in equation (A) is the wave number corresponding to the Rayleigh line and' uf is the 
vibrational constant of the molecule.' uf is also the wave number corresponding to the 
main absorption band in the near infra-red spectrum of the molecule. Thus the 
vibrational raman shift (| AvJ ^

molecule.

) agrees with the infra-red absorption band of theRaman

Pure rotational Raman spectrum
The pure rotational Raman lines appearing on both sides of the Rayleigh line are 

produced from the transition of the molecule from one rotational energy state to the 
other. Both these rotational energy state belong to the same vibrational state.

Selection rule
This give following selection rule

A J = 0, + 2

This selection rule is different from the rule for the far infra-red spectra. The A«7 = 0 
corresopnds to the Rayleigh lines. The transitions J J + 2 gives stokes rotational 
Raman Unes.

The transition J + 2 -> J give anti-stokes rotational Raman lines.

Expected spectrum
The wave number of the rotational Raman lines are given by

= v± [BiJ + 2)(J + S) - BJ (J + 1)]
= V ± (4BJ + 6B)

(
= v± 4B J + -Raman 2j

where v is the wave number corresponding to the Rayleigh line and B is the rotational 
constant of the molecule. The Rotational Raman shift is given by

(
= J + - =6B, lOB, 14B, 18B....

2)
■ ' (=/ = 0.1, 2,

Thus pure rotational Raman spectrum is expected to contain a series of equidistant 
lines on the either side of the exciting line as shown in Fig. 20.

Raman ^^'^^Raman

)

The line separation 4Bis 2 times as large as that obtained in case of far infra-red 
spectrum of the same molecule in agreement with observation.

In case of homonuclear molecules, the rotational Raman spectra contains lines 
which are alternately weak and strong. In certain cases like O2, every alternate line is 
missing. This is due to symmetry properties of the rotational levels of the homonuclear 
molecules.
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* >K----»+»—>N H
4B 4B 6B 6B 4B 4B

Anti Stokes Lines 
V (cm“^)

Stokes Lines

Fig. 20

Raman spectra and Molecular structure
Raman effect helps in determining the structure of diatomic and polyatomic 

molecules. With the help of vibrational and rotational Raman spectra, we can 
determine the force constant {k) and Band length respectively of those diatomic 
molecules which do not have permanent electric dipole moment such as homonuclear 
molecules (H2,02, N2 etc.). In polyatomic molecules, the Raman spectra and the 
infra-red spectra give information about the shape (Hnear or bent) and the symmetry of 
the molecule. Example — For molecules with a centre of symmetry the frequencies 
observed in infra-red spectra are not observed in Raman spectra. The molecules CO2 
and CS2 are found to have 2 strong infra-red bands, neither of which coincides with a 
Raman displacement. Hence these molecules must have a centre of symmetry. Since 
these molecules are tri-atomic hence they must be linear and symmetric having 
following structure.

o = c = o
(C02)

The molecules N2O, NO2, SO2 and H2O show 3 strong infra-red bands which 
coincide, in many cases with a strong Raman bands. Hence these molecules do not have 
a centre of symmery. They may be either bent or linear but not symmetric. It is possible 

. to distinguish between bent and Hnear molecules by observing the rotational structure 
of the vibrational bands. The analysis show that N2O has a non-symmetrical linear 
structure butH20has a bent structure as shown below :

S = C = S 
(CS2)

O
N —N = 0

(N2O) H H
:h2o:

• 2.15. DIFFERENCE BETWEEN INFRA-RED SPECTRA AND RAMAN 
SPECTRA OF DIATOMIC MOLECULES

Infra-red spectra Raman spectra

v = 0 v '= 1 vibrational transition 
produces Raman lines (Stokes and 
antistokes) also

1. The main observed infra-red absorption 
band of a diatomic molecule is due to the 
vibrational transition v = 0 -> v = 1

1
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Molecular PhysicsFor the production of infra-red spectra the 
energy of the absorbed radiation must be 
equal to the energy difference between 
two stationary state.

2. In Raman spectrum, it is the change in 
energy (between Rayleigh and Stokes or 
antistokes) which corresponds to the 
energy difference between the two states 
of the molecule. Consequently the 
Raman spectra may be obtained from 
visible/ultra-violet incident light.

2

The infra-red bands are produced, when 
the molecular vibration causes a change 
in the electric dipole moment of the 
molecule. Thus only heteronuclear 
molecules can give infra-red spectra,

3. 3. The Raman spectra is produced due to 
the change in polarisibility of the 
molecule. Therefore the molecules with 
(heteronuclear) and without (heomo- 
nuclear give Raman spectra.

Similarity : The frequency of the infra-red band agrees with the Raman 
displacement.

• EXERCISE
1. What are molecular spectra ? Explain different types of molecular spectra.
2. Explain different types of molecular energy states and its spectra.
3. Describe main features of pure-rotational band spectra of dia-molecules.
4. Give a brief account of the main features of vibrational-rotational spectra of 

diatomic molecules.
5. Explain molecule as anharmonic oscillator. Draw the energy levels and show the 

allowed transitions and the expected spectrum.
6. Give a brief account of the isotope effect in vibrational rotational bands of a 

diatomic molecule.
7. Discuss the fine structure of infra-red bands of diatomic molecules. Why are they 

all degraded towards red (longer wavelength side) ?
8. Give the appHcations of vibrational spectroscopy.
9. Give the experimental arrangement for stud5T.ng infra-red spectra.
10. How is Raman effect observed ? Give an experimental arrangement for the study of 

Raman spectra.
11. Discuss the main features of vibrational and rotational Raman spectra of diatomic 

molecules.
12. Discuss the difference between infra-red spectra and Raman spectra of diatomic 

molecules.
13. The separation between the lines of a pure rotational molecular spectrum is :

(a)S
(b) 2B
(c) 4B
(d) 6B

14. In a vibrational-rotational molecular band :
(a) rotational transitions A J = +1 produce R-branch
(b) rotational transitions AJ = -i-lproduce P-branch
(c) rotational transition A«7 = -1 produce R-branch
(d) no branches are observed

15. Molecular electronic bands are :
(a) degraded towards red only
(b) degraded towards violet only
(c) towards red as well as violet
(d) not at all degraded /

16. Out of the molecules H2, NO, HCl and N2. Raman spectra are observed for ;
(a) NO and HCl
(b) H2 and N2 only
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Atomic and Nuclear Physics (c) all the four
(d) none

ANSWERS
13. (b), 14. (a). 16. (c),15. (c),

>

X
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Quantum MechanicsUNIT

3
QUANTUM MECHANICS

STRUCTURE
de-Broglie Hypothesis of Matter Waves
Experiments of Davisson and Germer
Thomson's Method
Wave Velocity
Uncertainty Principle
Applications of Uncertainty Principle
Physical interpretation of the Wave Function
Normalization Condition or a Wave Function
The Effect of Potential Energy Von the de-Broglie Wavelength X
Expectation value of an observable
Momentum Operator P and Energy Operator E
Schrodinger Equation for a Free Particle
Probability Density
Umitations of vy
Energy Levels of Harmonic Oscillator 
Schrodinger's Wave Equation for a Free Particle 
Schrodingers Time Dependent Equations for a Particle 
Schrodinger's Time Independent Equation for a Particle
Schrodinger Equation for the Particle in a Box (1-dimensional) and Solve it to Obtain the 
Eigen Values and Eigen Function
Schrodinger's Equation for a Harmonic Oscllator
• Test yourself
• Exercises
• Answers

? 4 learning OBJECTIVES
After learning this chapter, you will be able to know

• de-Broglie theory of matter waves and its experimental verification.
• Wave-velocity and group velocity and the relationship between them.
• Heisenberg's uncertainty principle and its applications.
• Physical interpretation and normalization conditions of a wave function.
• Study of different oprators.
• Time dependent and time independent Schrodinger equation for a free particle.
• Eigen values and eigen functions of a particle in a box of one-dimensional and 

three-dimensional.
• Study of harmonic oscillator.

• 3.1. de-BROGLIE HYPOTHESIS OF MATTER WAVES
The wave theory of light explains satisfactorily phenomena like interference, 

diffraction and polarisation of light. To explain black body radiation, photoelectric 
effect and Compton effect, however we have to depend on the quantum theory of Planck. 
Thus radiant energy exhibits a dual aspect. The wave aspect of radiation is more

I
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conspicuous at longer wavelengths and the quantum aspect is conspicuous at shorter 
wavelengths. Radiant energy thus exhibits a dual aspect. The energy of a photon is 
related to the frequency v by the relation

E ~hv

Atomic and Nuclear Physics

...(1)
where h = Planck's constant.

The quantum theory thus involves a fundamental concept that any isolated 
quantity of Energy E is associated with energy

E
V = —

h
In 1924 de-Broglie suggested that by analogy particles in motion should exhibit 

properties characteristic of waves. He further suggested that certain basic physical 
formulae should apply when we discuss both waves and particles.

If we consder a photon as a wave of frequency v if energy is given by equation (1). If 
we consider the photon as a particle of mass m its energy is given by special theory of 
relativity is: \

E = mc^
where c =velocity of light or electromagnetic radiation in vacuum. 

Equating the two expressions for energy
E -hv = mc^

...(2)

-..(3)
As the photon travels in free space with a velocity c its momentum is

P = mc
Substituting for m in equation (4) from equation (3), we have

...(4)

hv
P me = .c

hv
c

hP = ~ ...(5)
X

where X = wavelength of radiation.
de-Broglie suggested that this equation applies as well to a particle of mass ni 

moving with velocity v. Thus for a particle
P = mv = — ...(6)

X
where ^is the wavelength of the waves associated with the particle of mass ni moving 
with the velocity v. He called these waves as "matter waves". Thus the wavelength of 
these matter waves is given by

h •...(7)X =
mv

This equation is known as the de-BfogUe equation.

• 3.2. EXPERIMENTS OF DAVISSON AND GERMER
First of all in 1927 the two American physicists, Davisson and Germer predicted 

experimentally the electron waves predicted by de-Broglie. Davisson and Germer were 
studying the reflection of electrons from nickel target which was subjected to such a 
heat treatment that the crystal was transformed into a group of crystals. In this case 
the reflection become anamolous and the reflected intensity showed striking maxima 
and minima. They then suspected the beam of electrons might be diffracted from the 
crystals like X-rays. This shows that electrons behave like waves under certain 
circumstances.

The experimental arrangement is shown in Fig 1. The electron beam is produced 
from what is known as electron gun. F is the filament which is heated to dull red. 
Electrons are emitted from the filament due to thermionic action. G is a system of 
electrodes with central holes maintained at increasing potentials. By this 
arrangement, electrons emerge as a well collimated beam. These monoenergetic 
electrons fall on the target T, a single crystal of nickel. Some of the scattered electrons 
entered the Faradays cylinder C know’n as collector. The collector current was 
amplified and measui’ed with a sensitive galvanometer G. The collector can be moved
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I
t I t

Q

0
Fig.1

on a graduated circular scale S to receive electrons in various directions. The collector 
has two walls insulated from each other. A retarding potential is applied between the 
inner and outer wall of the collector such that the only fast moving electrons coming 
from electron gun may enter into the collector and not the secondary slow electrons 
coming from target. The slow electrons will be reflected from the retarding potential. 
The whole apparatus was enclosed and highly evacuated.

The experiment was conducted in two different ways i.e.,
(i) For normal incidence
(ii) For oblique incidence
(i) For normal incidence : In this case the beam of electrons falls normally on the 

surface of the crystal. The collector was moved on the circular scale to various positions 
and galvanometer current is a measure of the intensity of diffracted beam. A graph was 
then plotted between the co-latitude (angle between the incident beam and the beam 
entering the collector) and galvanometer current. Several curves were obtained for 
different voltage electrons which are shown in Fig. 2.

y V I \

40 V 44 V 48 V
/ V A

54 V 60 V 68 V
Fig. 2

It is observed that bump begins to appear in the curve at 44-volt electrons. This 
bump move upward as the voltage increases and attains the greatest development of 54 
volts at co-latitude of 50®. Above 54 volts the bump again diminishes. The bump at 54 
volts offers the evidence for the existence of electrons waves.

Applying the relation for plane reflection grating
nX = DsmQ 
I = 2.15 8in50®
>. = 1.67 AWe have
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Atomic and Nuclear Physics where n = First order
d in case of nickel crystal is 2.15 A.

We know that,
According to de Broglie, the wavelength is given by

ri50' A1 = 1 y
150 AV 54

= 1.66 A
This shows that electrons have wave like character.
(ii) Oblique Incidence at crystal face : Crystal is oriented so that the angle of 

incidence was 10° and the position of collector was also chosen corresponding to angle of 
reflection of 10°. The de-Broglie wavelength of the electron was changed by altering the 
acceleration potential V. The electrons suffer reflection of Bragg's type and law 
governing this type of diffraction is

TiX = 2d sinO (Fig. 3)

E
u

<8u

s
5 10 15 20 25Vv

Fig. 3 Fig. 4

The electrons suffer diffraction from the successive parallel planes of atom in the 
crystal. Now, as before, the current is measured as function of square root of
acceleration potential V. Since X oc ^ 

describes the relation between current and —. See Fig. 4.
?i

Now, from de-Broglie relation

1/2the graph between current and V also
y ’

h 1X = cc---
yV2^2meV 

nX s= 2d sin0 = constantand Bragg's relation gives
1or n. cc —
X

1/2n cc y

i.e., the order of spectrum is proportional toV^^.
Thus

• 3.3. THOMSON'S METHOD
Thomson's apparatus consists of a long 

glass tube divided into two portions by a long 
metallic tube A (Fig. 5). Thus tube has a very 
fine bore (about 0.25 mm in diameter). The 
tube is evacuated to a high degree by 
connecting the side tubes L and M to a 
mercury diffusion pump. Tube A acts as the 
anode, Cisacathode. Ahighvoltageofl5kV 
to 60 kV is applied between these using an 
induction coil.

-5'L ■ I'M
SnB

S.T

AC

• '-N
Fig. 5
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Quantum MechanicsGas could be let in through the side tube N. As a result of this arrangement a cold 
discharge takes place between C and A in the chamber T. The electrons from the 
cathode C race towards the anode A. A narrow collimated beam of electrons will issue 
from the bore in the anode into the camera chamber S. The electrons imping on a thin 
metal foil. The electrons scattered by this foil fall on the photographic plate. B is a 
fluorescent screen on which visual observation can be made in the absence of the 
photographic plate. Concentric circular rings are observed on the photographic plate. 
Many electrons pass through the foil without collision. They form a central spot on the 
plate. The rings surrounding this central spot are due to diffraction of the electrons by 
the nuclei of the scattering foil. The picture thus obtained is similar to the picture 
obtained by scattering of X-rays in crystal powder.

Calculations of de-Broglie wavelength : As the electrons in Thomson's 
experiment were accelerated through a potential difference of 15 kV to 60 kV 
relativistic increase of mass can not be neglected. Let v be the velocity of electrons 
following on the foil, the de-Broglie wavelength A. is given b

h 1-- ^
c2hX = ...(1)

TUqU

where niQ is the rest mass of electrons using binomial theorem and neglecting the terms

mu

of higher powers of — .We get

.2h
...(2)X - 1-

2c2mQU

Let the accelerating voltage be V. Equating the electron energy eV to its kinetic 
energy, we get

-1/2
u2n Q

eV =(m-mQ)c = mQC 1- -1

1.2a
eV - nioc 1 -J- 

\
mQU^

-1or
2c2

eV = ..(3)or
2

Putting the value of u from equation (3) in equation (2), we get

h eV
...(4)A, = 1-

^2eVmQ [ moc2

Thus the de-Broglie wavelength A. can be calculated from the known values 
of the constants and the applied potential V.

• 3.4. WAVE VELOCITY
When a monochromatic wave travels through a medium, its velocity of advancement 

in the medium is called the 'wave velocity’. For example, a plane harmonic wave 
travelling along the +x direction is given by

y = a sin ((at - kx)

where a is the amplitude, q (= 2nn) is the angular frequency and k = (2n') is the

propagation constant of the wave. The ratio of angular frequency co to the proagation 
constant Kis the wave velocity Vj.

2r CO
= nX = — X

K K2r
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Atomic and Nuclear Physics ...(1)
K

(coi-Kx) is the phase of the wave motion. Therefore, the planes of constant phase are 
defined by

mt -Kx = constant
Differentiating with respect to time, we get

CO -K — = 0
dt
dx _ (i)
~^~K

which is the wave velocity Vp. Thus the wave velocity is the velocity with which planes 
of constant phase advance through the medium. Hence the wave velocity is also called 
as "phase velocity".

Group Velocity
A pulse consists of a number of waves differing slightly from one another in 

frequency. A superposition of these waves is called a wave packet or a wave group. 
When such a group travels in a medium, the phase velocities of its different compoents 
are different the observed velocity is, however, the velocity with which the maximum 
amplitude of the group advances in the medium. This is called the group velocity. Thus 
the group velocity is the velocity with which the energy in the group is transmitted. The 
individual waves travel 'inside’ the group with their phase velocities. The dotted curve 
represents the wave of lower frequency end is travelling faster. At a certain instant the 
two waves are in the phase at the point P. Therefore at this instant the maximum 
amplitude of the group formed by them also lies at P. At a later instant, the maximum 
will be build up a title to abfd of P, i.e., the maximum will move to left with time relative 
to the waves. As a result, the group velocity will be lower than the wave velocities.

Expression for Group Velocity : Consider a wave group which consists of two 
components of equal amplitude a but slightly different angular frequencies (Oj and (02 
and propagation constants iiCi and K'2-'^heir separate displacements are given by

yi =a sin(o)ii -Kix)
y2 =asin(co2i-ii^2^)and

This superposition gives

y = yi + y2
= a [sin(o)ii + sin(o)2f - K2X)]

Using sinA+ sinB- 23in^'^^ ^
2

(©l + ©2) ^ (iTi +K2)x

(A-B)-------- -, we get
2

cos

■(©i-©2).i (Ki -K2)xy = 2a cos cos
22 22

(coi + C02) which is very close to theThis represents a wave system with a frequency
2

frequency of either component, but with an amplitude given by
■(©i-©2)t (Ki -K2)x'A -2a cos

2 2

Thus the ampHtude of the wave group is modulated both in space and time by a very 

slowly varying envelope of frequency

has a maximum value of 2a.

(K,-K2)(©1 -©2) -andand propagation constant
22

This envelope is represented by the dotted curve in Fig. The velocity with which this 
envelope moves, i.e., the velocity of the maximum amplitude of the group is gi^’^en bj^

©1 -©2 A©
AK'K1-K2
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of these waves in 'wave packet' or a 'wave' group'. When such a group travels in a 
medium, the phase velocities of its different components are different. The observed 
velocity is, however, the velocity with which the maximum amplitude of the group 
advances in the medium. This is called the group velocity. Thus the group velocity is the 
velocity with which the energy in the group is transmitted. The individual waves travel 
'inside' the group with their phase velocity.

Fig. 6 shows two plane harmonic waves of equal ampHtudes but slightly different 
frequencies, travelling from left to right. The dotted curve represents the wave of lower 
frequency and is travelhng faster. At a certain instant the two waves are in phase at

Quantum Mechanics

the point P. Therefore, at this instant the maximum amplitude of the group formed by 
them also lies at P. At a later instant of maximum will be build up a little to the left of P. 
That is, the maximum will move to the left with time relative to the wave S. As a result 
the group velocity will be lower than the wave velocities.

If a group contains a number of frequency components in an infinitely small 
frequency interval, then the above expression may be written as

doj ...(2)yg ~ dK
This is the expression for the group velocity.

Relation between Group velocity and Wave velocity
As Cl) = Kvp , where vp s wave of phase velocity, therefore the group velocity is given

by
^(KVp)=Vpd(S)

yg = dKdK dK

— where A. is wavelength. Therefore 
X

2n dVp

Now K -

V. +gg

k
1 dVp

= yp H— 
^ k

But d —
k

dVpTherefore

This is the relation between group velocity Vg and wave velocity yp in the 
dispersive medium.

Clearly the group velocity may be less than, equal to or greater than phase velocity.

. is positive then Vg <Vp. This is the case of normal 
dk

Special cases : (i) If 

dispersion.
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(ii) If = Othen Va =Vp, This is the case of a non-dispersive medium. For light 
dX ^

waves in free space, the group velocity is equal to the wave velocity.

is negative, then Vg >Vp. This is the case of anamolous dispersion.

Electromagnetic waves are non-dispersive in vacuum. Normal dispersion takes 
place in a dielectric medium except at natural resonant frequency of its atoms and 
Vg <Vp. In electric conductors >yp.So that anamolous dispersion takes place in 
the medium.

Atomic and Nuclear Physics

dVp(iii) If
dX

• 3.5. UNCERTAINTY PRINCIPLE
This principle states that the exact position and momentum of a particle (say 

electron) can not be determined simultaneously with a desired accuracy.
Let Ax is the error in determining the position and AP the error in determining the 

momentum of electron at the same instant then these quantities are related as

A:r. A P « — ...(1)4tc

i.e., the product of the two errors is approximately of the order of Planck’s constant. 
When we multiply and divide equation (1) by u, the velocity of the particle, we get

Ax ~ h — .AP.u = —
4nV

At. AE w — -..(2)or
471

where AE represents the uncertainty in the measurement of the energy of a particle 
and At the uncertainty in the measurement of 
time.

From equations (1) and (2) it is clear that if 
one quantity is measured accurately, the other 
quantity becomes less accurate.

Experiment: Consider a beam of electrons — 
travelling in the direction shown in Fig. 7. The 
slit AB of width A^^is erpendicular to the path of 
the electrons. Before entering the slit, the 
electron has a definite momentum P = mu. After 
passing through the slit the electron gets 
diffracted and acquires a momentum along OG.
The angular deflection 0 depends upon 
component of the momentum parallel to the slit i.e.,

AP = Psine = P.0

D

C■o—>—o

(for small angular deflection)
The angle 0o corresponding to the direction of first momentum of the diffraction 

pattern is

(for small value of 0 q )
Ax'
XAx =or

^0
X 0Ax . AP « P . 0 . «PA..

00 00

But PX = h
6Ax. AP s= h .

00

Taking 9 = 0o approximately, we get
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Ax. AP « h

The probable deflection 0of the electron is less than Gq and according to Heisenberg 
principle, the uncertainty relation is given by

Ax.AP> —

Quantum Mechanics

471

• 3.6. APPLICATIONS OF UNCERTAINTY PRINCIPLE
(i) Non-existence of electrons and existence of protons and neutrons in

m. Ifan electron-14nucleus : The radius of the nucleus of any atom is of the order of 10 
is confirmed inside the nucleus, then the uncertainty in the position Ax of the electron is 
equal to the diameter of the nucleus, i.e., Ax » 2 x 10-14 m. Using Heisenberg's
uncertainty principle the uncertainty is momentum of electron is given by the relation

h . ^1.05x 10 
2x10"^^

-34
kg ms ^ [v Ax a 10"^^]APx>

2n. Ax 
A = l055x 10-^‘‘
2n

-20Px >0.527x10 Ns

It means that the momentum component and hence the magnitude of momentum 
kg ms“^)is relativistic. Using the relativistic formula for energy E of the-20(0.527 X 10

electron, we have
^2 =p2^2^^2^4

As the rest energy of the electron is of the order of 0.511 MeV, which is much
smaller than the value of first term. So it can be neglected. Thus we have

E = PC
P = (0.527x 10

or
-20 )x (3x 10*^) joules

(0.527xl0"^°)x(3xl0®)
eV

1.6x10"^^

= 10 MeV
which means that ifelectron exist inside nucleus, their energy must be of the order of 10 
MeV, However we know that electrons emitted by radioactive nuclei during beta decay 
have energies only 3 to 4 MeV. So, in general electrons can not exist in the nucleus.

kg. This is a non-relativistic problem

. The kinetic energy K in this case is given by the relation

-27For protons and neutrons, niQ = 1.67x 10 
i;|~Lp1..-3x10® ms -1

mo
p2

2mo
(0.527x10 -20x2) joules-22x 1.67x 10

(0.527x 10*’2‘^)2
fS

2x1.67x10"^^ X 16x10

= 52 KeV
Since the energy is less than the energies carried by these particles emitted by 

nuclei, both these particles can exist inside the nuclei.
(ii) Binding energy of an electron in an atom: In an atom, the electron is under 

the influence of electrostatic potential of the positively charged nucleus. It is confined to 
linear dimensions equal to diameter of electronic orbit. The uncertainty in the position
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A% of the electron is of the order of 2R where R is the radius of the orbit and the 
corresponding uncertainty in momentum component AP^ is given by

Atomic and Nuclear Physics

4n.2R

which shows that the momentum of an electron in atomic orbit is at least.
|P|~P^ «AP. ^

* ^ 47r.2P

a 0.527 X kg ms“^

This is non-relativistic momentum for an electron. The kinetic energy iiCis given by

p^ _r h 'f 1 ^_______
2mo [471 pj 2m^ 32n^moR^

The potential energy of an electron in the field of nucleus with atomic number Z is 
given by

-10[.■. P = 10 m]

K =

-Ze^V =
4718 qP

So the total energy of the electron in its orbit will be
E = K + V

Ze^
d2n^moR^ 47i8oP

(1.055 xlO"-^^)^
8x9.1x10"^ yxR^ 4x3.14x8.85x10"^^ xP

2(1.6x10"^®)2

h -34where — = 1.055 X 10
2?;

-10 ^10"2° 15x10
eVor

p2 P
Taking P = 10 m, we have

• P = (l-15Z)eV = (-15Z)eV

Now the binding energies of outermost electrons in H and He are -13.6 and -24.6 oV 
respectively, so the value of binding energy derived on the basis of uncertainty 
principle is acceptable as these are comparable in magnitudes.

(iii) Finite width of the spectral lines : From Heisenberg's principle of energy 
and time relation, we have

AE .At = h
Since the life time of electron in an excited orbit is finite (- 10"® sec). So the energy

levels of an atom given by AE = — must have a finite width which means that the
A^

excited levels must have a finite energy spread i.e., the radiation given out when an 
electron jumps must be truly monochromaic.

In other words, it means that the spectral lines can never be very sharp but must 
have a natural finite width.

(iv) Strength of nuclear force : If we assume that the nuclear radius is of the 
order Tq = 1.2 x 10 cm. From uncertainty principle, momentum will be of the order

p=A
^0

K.E. will be of the order

2M 2Mr^
K.E.- - lOMeV
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where M corresponds to the mass of a nucleus (proton or neutron).
Since the nucleus is bound, so the B.E. should be greater than K. E. with a negative 

sign. So the B. E. of a nucleus is of the order of 10 MeV.

Quantum Mechanics

• STUDENT ACTIVITY
1, Explain de-Broglie wavelength of electrons.

2. Find out the velocity of de-Broglie waves.

• 3.7. PHYSICAL INTERPRETATION OF THE WAVE FUNCTION
The quantity that characterises the de Broglie wave, is called wave function. It is 

denoted by \\/. It would be useful to interpret this wave function in terms of the 
observable properties of the system. At first the wave function was assumed to be a 
mathematical quantity employed to facilitate calculations pertaining to experimental 
results. To a certain extent this assumption is no doubt true. But it is not reasonable to 
introduce_a_mathematical function which has no physical significance. Schrodinger 
tried to give a physical interpretation to the wave function in terms of charge density. A 
beam of electrons gives rise to a diffraction pattern similar to that produced by a beam 
of light. By this analogy we may arrive at an interpretation of the wave function. In a 
beam of light the intensity is proportional to the square of the amplitude of the 
electromagnetic wave. As the intensity is proportional to the number of photons that 
strike the screen per unit area per unit time we may take the so called photon density to 
be prortional to the square of the ampUtude. By analogy we may take the number of 
particles per unit volume to be proportional to the square of the wave function. Thus the 
square of the absolute value of \\i viz., | v|y | ^ may be taken to be a measure of the particle 
density. Thus Schrodinger considered the quantity 1 to be a measure of charge 
density.

Schrodinger’s interpretation of the wave function leads to a satisfactory 
interpretation of photoelectric emission, Compton effect, the emission of spectral lines 
and the satisfactory states of the Bohr atom. But when we try to apply Schrodinger’s 
concept of the wave function to the flight of a single electron or any other material 
particle we get into difficulty. In course of time the wave packet associated with the 
moving particle dissipates. As a result the wave packet can not represent for long the 
material particle which, however, maintains its identity. Further no explanation is 
given as to where exactly the particle is in relation to the wave packet.
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To get over the difficulty mentioned above Max Born gave a different interpretation 
of the wave function. According to him I v[/ * y | = I 1 ^ represents what is called the

Atomic and Nuclear Physics

probability density of the particle in an element of volume dx = dx dy dz around a point 
r at a time t is given by

P{r)dx =i\|/ (r, t)\^ dx 
The function \\i is called the probability amplitude. According to Max Born the laws 

of quantum mechanics and the results of their measurements can be interpreted on the 
basis of probability consideration.

...(1)

• 3.8. NORMALIZATION CONDITION FOR A WAVE FUNCTION
Since I \|/evaluated at a point is proportional to the probability P of finding the 

particle described by y at that point, the integral of I \\i I overall space must be finite, 
the particle is some where, after all.

2 dV = 0, the particle does not exist.
J-x

<o 2
\\i dV = 00, the particle is everywhere simultaneously.

. -00

j V; j ^ can not be negative or complex because of the way it is defined and so the only

If

If

posibility left is that its integral be a finite quantity if is to describe properly a real 
body.

It is usually convenient to have 1 v}/1 ^ be equal to the probability P of finding the 
particle described by v, rather than merely be proportional to P. If I \]i\ = P then it

(•X 2 r*must be true that I y r dV = lor PdV = 1.This equation states that the particle
• -X

exists somewhere at all times. A wave function which obeys above equation is said to be 
normalized.

v-x

• 3.9. THIS EFFECT OF POTENTIAL ENERGY VON THE de-BROGLIE 
WAVELENGTH
Schrodinger assumed that de-Broglie wavelength holds good for any particle 

moving in any field of force with potential energy V.
Total energy.of the particle = Kinetic energy + Potential energy

E = -mv^ +Vor
2
p2

E = + Vor
2m

=2m(£-V) 
P=[2m (E-V)f^

or
or

So de-Broglie wavelength
h hX = —
P 2m(P-V)]^2 

When V is large, X will be large and for small V, X will be small.

• 3.10. EXPECTATION VALUE OF AN OBSERVABLE
Dynamic quantities viz., Position, Potential energy, Kinetic energy, Momentum etc. 

which form the basis of physical measurements are called observable in Physics. In 
quantum mechanics each observable is represented by an operator which acts on a 
wave function \\i to give a new wave function.

v|; * (r, i). a . \|/ (r, t) dV

vj/* (r, t) H/ (r,‘t)
J-oo
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From normalization condition Quantum Mechanics

M/ * (r, t) (r, t) dV = 1
J-CO

f>oo

(a) = v^*(r, {) a.H» (r, t)dV
J —00

(«)In this way * (r, t) .r (r, t) dV
^—00

■•00

{->(i) Expectation value of x \|;* X \j/ dV
J—OO

(ii) Expectation value of y l^yj >4/ * y v(/ dV
J—05

fCO

(iii) Expectation value of z (2) \]j* z \^f dV
•J—00

fiX)

(iv) Expectation value of Potential energy V (V) = \}/* ( r, 0^ (r, 0 H/ (r, t)dV
J-CO

(■p> =(v) Expectation value of Momentum P \\i* (x,)P \\) (x, t) dx
J-CO

• 3.11. MOMENTUM OPERATOR P AND ENERGY OPERATOR E
To evaluate iP) and [E)

with respect to a: and t.
We obtain

we differentiate the free particle wave function

d^i d\^
dtn 

Eij/ = ih

= ihP'^ and
dx

ti 5\}/P v|; =-. andor
i dx dt

It shows that the dynamical quantity P in some sense corresponds to differential
^ ti d operator-.—. 

i dx
n dSo momentum operator

Similarly the dynamical quantity E corresponds to differential operator ih — .Hence
dt

energy operator

P = -.
i dx

. E = i^—.
dt

• 3.12. SCHRODINGER EQUATION FOR A FREE PARTICLE
The total energy of a particle

E = Kinetic energy + Potential energy 
E^K + V ...(1)or

p2
Kinetic energy K =

2m
^=Jl(^ 1.]^
2m 2m V i dx^ 

h^ d^
2m ' Sx^

So kinetic energy operator K =

So equation (1) can be written as
;52

2m ' dx^ ; 

Multiplying this equation by identity we get ■
di
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1 \

dt 2m Qx^ 
which is Schrodinger equation for free particle.

Atomic and Nuclear Physics d^i
+ Vy\fih r: —

• 3.13. PROBABILITY DENSITY
The basic postulate of quantum mechanics is that the quantity ^/^}/ * dx dy dz is the 

probability that a particle rep;resented by the wave function \|/ (:c, y, z, t) is in the 
volume dV = {dx dy dz) at time 1.

* is the complex conjugate of \\i. The probability density of the particle is given by
=1 \ii (x, y,z,t)\‘^

The wave function corresponds to the probability amplitude for the position of the 
particle.

As the particle lies somewhere in space, it is necessary that the probability density 
must satisfy the normalisation condition i.e.,

jtOO

\\) * dx dy dz = I ...(1)
J-CO J —00 J —00

- iditIn this case = ^/oe
/lO)E = hv =
271

y =V[/oCor
27t£; E

(0 =
h n

Complex conjugate of vj/ is \\i* - v|/o* e*

Putting the value of vf/ * in equation (1), we have

\1/0 \\t Q* dx dy dz = 1
aOO ^CO

...(2)
J-CO J—«> J-00

It is clear from equation (2) that probability is independent of time.

* 3.14. LIMITATIONS OF WAVE FUNCTION y/
Limitations of v}/:

1. The wavefunction ij/ besides being normalizable must be single valued as 
probability density can have only one value of a particular place'at a particular time.

9\|; d\\i
dx’ dy ' dz

2. Function vj; and its partial derivatives must be continuous

everywhere.
3. \|/ must be finite for all values of x, y and z.

• 3.15. ENERGY LEVELS OF HARMONIC OSCILLATOR
In terms of dimensionless quantities

sl/2
- 4^1 ^ HI

h \ k hv
andy = a =

Schrodinger equation will have the form

|- + (a + 3'^)H'=0 ...(1)
dy

= = The acceptable solutions of equation (1) are limited by the condition that -> 0 
as y X so that

r \ \\i\^ dx = \ 
J- 00

...(2)'
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r

= = Because otherwise the wave function can not represent an actual particle. The 
mathematical properties of equation (1) are such that this condition will be fulfilled 
only when

Quantum Mechanics

a = 2;i + 1 n = 0,1, 2,
2E= = Since a = the energy levels of a harmonic oscillator whose classical
h\

frequency of oscillation is v are given by
n

En = n + - /iv, n=0,l, 2,

= = The energy of a harmonic oscillator is thus quantized in steeps of hv, we note
Eq = — h\>

which is the lowest value of energy of the oscillator can have. This value is called zero 
point energy.

that when n = 0,

• 3.16. SCHRODINGER'S WAVE EQUATION FOR A FREE PARTICLE
In case of a free particle, external forces are absent. Furthermore, for the sake of 

simplicity, we will assume that the motion is one dimensional say, along the x-axis.

The wave describing a particle of momentum Pand energy P has a wavelength X = —
P

Eand frequency v = —. For convenience, we define the wave number
H

2n Pk = — ...(1)X h
E ...(2)and the angular frequency 0) = 271V = —n

p2
Since for our free particle E = , we can also write equation (1) as

2m
, 'j2mE k =-------- -(3)n

If the particle travels in the +x direction the wave will also have to travel in that 
direction. The possible harmonic waves satisfying this condition are

cos {(Sit-kx)
^i{at-kx)

The waves (4) are real and the waves (5) are complex. According to the mathematical 
rules for evaluating complex exponentials we have the identities.

lY • •e = cosa:+ ismx

...(4)sin (oji - kx)

.••(5)

...(6)

and cosx = 8in:r =
2i 2i

e = cos (toi-/ex)-isin (toi

gi(coe-ftx). ^ pQg ((i3t-kx)+ isin(iot-kx) ...(9)

This shows that the complex waves are linear combinations of the real waves, with a 
complex coefficient. To settle which of the waves (4) or (5) we want, let us consider the 
superposition principle of quantum mechanics : whenever \\ii and vj/2 are possible 
quantum mechanical waves, then so is vi/j + V|/2. Suppose we try to describe a particle 
travelling in the positive x-direction by the waves sin {ot - kx), then a particle travelling, 
in the negative x-direction will be described by sin {(at + kx). According to the 
superposition principle

-(8)Thus,

and

/

/

//
j

/
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, sin (0<-fex) + sin (oi 4-fex)
should then be a possible quantum-mechanical wave function. But equation (10) equals

•••(10)Atomic and Nuclear Physics

2sin(oi cos/2X
Obviously this is not a satisfactory wave function because at i = 0 it vanishes 

identically everywhere, i.e., the probability for finding the particle is zero everywhere. 
Since the particle can not disappear, we must regard the wave function (10) as 
unacceptable, and we conclude that (coi - kx) is not the wave function we want. By a
similar argument, we rule out cos ((oi - kx) as it vanishes at coi = —.

2

•••(11)

Let us now consider e The superposition of this with e gives
-iio+kx)^-i{<S)t-kx) cos kx= 2e ...(12)+ e

This never vanishes identically everywhere, and is an acceptable wave function. 
Thus, the wave function is consistent with the superposition principle. A
wave function of the type e 
but according to convention laid down by the founders of quantum mechanics, this 
wave function is to be discarded in favour of Thus, we are led to the
conclusion that the wave function is

-i (lot+kx)

-(ot+kx)

i (lot-kx) is also consistent with the supei*position principle;

for motion in the positive x-direction 

for motion in the negative x-direction

Next, we want to discover the wave equation obeyed by these wave functions. In 
general, the wave function describing any physical system obeys a wave equation, 
which permits us to calculate the time evaluation of the system. Mathematically, the 
wave equation is differenial equation involving \\i and the derivatives of \i; witth respect 
to X and t. To discover this differential equation for we begin by expressing co and k in 
terms of P.

...(13)(x, t) = e 

\\i (x, t)=eand •••(14)

Et ^j2mEy.
...(15)

h h

If we take the first derivatives of \\i with respect to time and the second derivatives 
of \\f with respect to x, we find

d\\i .E
•••(IG)dt n

d\]) 2mEand •••(17)r'^dt
Comparing these expressions, we see that these derivatives are proportional. By 

adjusting the constant of proportionality, we obtain an equality :

\|/ (x, = — \\i (x, t) ...(18)
2m dx^

This is the wave equation for a free particle : it is called Schrodinger's equation.

dt

• 3.17. SCHRODINGERS TIME DEPENDENT EQUATIONS FOR A PARTICLE
The wave function may be written as

-iiat ...(1)Hy =\|/0 e\
Differentiating w.r.t. time, we get

dv|/ - icuf=-KO\|;o e\
dt
5v[/ = - i (2nv) \|/ ...(2)

\ dt
also E = hv.\

\
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E Quantum MechanicsPutting V = — in (2), we get 
h

(Ed\\f -i{2n) ~ \|/ 
\h ^

1 /i. 'l 5\i/
■ i^2nj dt

■fAl^ ■
2tiJ dt

dt

E\^ = -

• i^=-iBut E\^ =

•. av|; = inA(x^j)-ih ...(3)i.e..
dt dt

Now Schrodinger equation is given by
f 2m
[1^V2v|,+ (E-V)\\i = 0

f 2m^
U^J

from (3) in equation (4), we get 
dt
f 2m "|

*2\n )

2mV V + vv = 0E\\) ~ ...(4)

5\i/Substituting the value of E\\i =ih

dt ^2 

f 2m^ .. 5w

ih

2m• - — Vw =-n

+ V v =ih -d\\)
...(5)or

2m. dt

This equation represents Schrodinger time dependent equation because it involves 
time. Equation (5) can be written as

Z' *2 ^
+y w =ih.

2m dt
\ y

r ^2 ]
If we take------V ^ + V as operator //known as hamiltonian and from equation (5)

2m

ih-=E.

5\|/

dt
We have
Equation (6) represents the motion of a material particle in terms of Hamiltonian 

operator [Non-relativistic particle].

H\|/ = E\\i ...(6)

• 3.18. SCHRODINGER'S TIME INDEPENDENT EQUATION FOR A 
PARTICLE

We may write the one dimensional Schrodinger’s time dependent wave equation as

...(1)= v|/e

i.e., vf/ is the product of a time dependent function ^ position dependent
function V)/. We take up the variations of all function of particles acted upon by 
stationary forces have the same form as that of ah unrestricted particle.

Putting \\i from equation (1) into the time dependent form of Schrodinger equation, 
we note that

E\\j =- -iiElh)t
dx^2m
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Dividing by e ^, we getAtomic and Nuclear Physics

„ d^\\i ,,
Eh/=--—.^ + Vi|; 

2m dx^
5^\|/ 2m— (E-V)\ii = 0 

h
...(2)+or

5x2
Equation (2) is the steady state form of Schrodinger equation.
We may write the equation in three dimensions as

d^\\f d^\ii 
—^ ^ +
dx^ dy^ dz^

2m— (E-y)M/ = 0
ti

...(3)

2mV^i|/ +or

\where V ^ is Laplacian operator.

• 3.19. SCHRODINGER EQUATION FOR THE PARTICLE IN A BOX
(1-DlMENSlONAL) AND SOLVE IT TO OBTAIN THE EIGEN VALUES 
AND EIGEN FUNCTION

Let us consider a free particle in one dimensional box. The particle has a mass m and 
is restricted to move in a straight hne along the x-axis. The range of the particle is 
0 < ;r < a and the particle is reflected back when ever it reaches the end of the range. We 
have the general equation

„ 2 { 2ni]V \i/ + —U J (E-y)\i; =0 ...(1)

For a free particle V = 0 for 0 cr < o.
Also the wave function \[i vanishes at x = 0 and A; = a. For one dimension, the 

modified equation is given by
d^\\i f 2m'

Ev = 0
dx^

d^\\i (Sn^mE''
E\\f = 0 ...(2)+

dx^ 2n

Sn^mE _ ^2
Let us take

E =
8n^m

So equation (2) be written as
=>2

dx^
...(3)

The general solution for equation (3) is given by
\|/ (x) = A sin kx + Bcos kx 

and from the boundary condition v|/ = 0 at a: = 0.
So from equation (4), B must be zero

y (a) s Asmkx = 0
Since we can not take A to be zero because it does not yield any solution. So we take 

sin ka = 0

...(4)

ka - nnor
nnwhere ;i =1, 2, 3, etc.k =
a
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Quantum MechanicsHence the only permissible solutions of the wave equations are

(A:) = Asin nil
...(5)X

a )
and the value of energy is given by

...(6)

in equation (6), we get

r
nnPutting the value o{k =
a

2i.2 2n h nE = ...a)
Sn^ma^

It shows Eji depends upon the value of n. Each value of is called —^Eigen value 
or proper value and each value of v|/„ is called an Eigen function or proper 
function.

8mo^

From normalization condition
ix)\^ dx = ^

A^a _ ^

. 2 tin X ...(8)dx = 1sin
a J

or
2

2aA =
V a

, . 2 .(nn\|/„ ix)= - sm — 
^ a

...(9)x
K o ;

•12 . nNow for n = 1 vi/l (a:) = sm x
a)a

2 . (2n'\— sm — X 
\a )

H/2 {x) =for n. = 2
V a

37t^
M/3 (x)= - sm 

V a
for n = 3 X

\a )

Graphically the first three function are shown in Fig. 8.

0

Equation (8) shows that energy of the particle is quantized. Similarly for the 
momentum of the particle, we have

p2
■* nEn = 2m

1/22mn^h^^1/2={2mEn)or
8mo^ ^

nh ...(10)Pn =or
2a

CCrt
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which shows that the momentum of the particle is also quantized. Moreover, for each 
value of , there is corresponding value of .

Atomic and Nuclear Physics

• 3.20. SCHRODINGER’S EQUATION FOR A HARMONIC OSCILLATOR
Harmonic motion occurs when a system of some kind vibrates about an equilibrium 

ftibnfiguration. The system may be an object supported by a spring or floating in a liquid 
a diatomic molecule, an atom in a crystal lattice and many other examples can be 
quoted. The condition for harmonic motion to occur is the presence of a restoring force 
that acts to return the system to its equilibrium configuration when it is disturbed. The 
inertia of the masses involved causes them to overshoot equilibrium, and the system 
oscillates indefinitely if no dissipative processes are also present.

In the special case of simple harmonic motion, the restoring force Fon a particle of 
mass m is linear; that is, F is proportional to the particle's displacement x from its 
equilibrium position and in the opposite direction. So we may have from Hooke’s law

F^-kx -(1)
From Newton's second law of motion, F = ma and so we have

d^x
- kx = m ...(2)

dt^
which may be written as

d^x k n— a: = 0 ...(3)+
dt^ m

There are many ways of writing the solutions of equation (3) and one of the 
convenient solution is

X = A cos (27t vt + (j)) ...(4)
k1where ...(5)V = —

2n \ m
is the frequency of the oscillations, A is their amphtude and ^ is the phase constant 
which determines the position of the particle at any time t.

The importance of harmonic oscillator both in classical and quantum mechanics is 
that for small displacements, any system that executes S.H.M. behaves like a harmonic 
oscillator.

To verify this important point, we may express the equation for restoring force in 
terms of Maclaurin's series about equiHbrium position x" = 0 as

1 ( d^F 

6 ^dx^
F{x)-^Fx^q +, +x + — + -

a:=0Jx~Q

Since a:: = 0 is the equilibrium position, F^z: o = 0 ^nd since for small x the values of
X2,x^......are very small compared with x, the third and higher terms of the series can
be neglected. The only term of significance when x is small is the second one and so we 
have

dF\F{x) = ...(6)X
Jx=0

, ^x:Jx=0
conclusion, then, is that all oscillations are simple harmonic in character when their 
amplitude are sufficiently small.

The potential energy function V (a:) that corresponds to a Hooke's law force may be 
found by calculating the work needed to bring a particle from a: = Oto a: = a: against such 
a force, which may have the form

is negative, since it is restoring force. Thewhich is Hooke's law when

fX 1 2
F(x)dx = k xdx = - kx

Jo 2 ...(7)Vix)=-
Jo
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which is plotted in Fig. 9 given below.
The curve of V (a:) versus is a parabola. If the energy of the oscillator is E, the 

particle vibrates back and forth between x=-A and x ~ +A, where E and A are related
hy E = ~kA^.

2

Quantum Mechanics

Energy
V=|Kx2

E

>x-A O +A.
Fig. 9

Before we make a detailed calculation we can have three quantum mechanical 
modification to this classical picture :

1. The allowed energies will not form a continuous spectrum but instead a discrete 
spectrum of certain specific values only.

2. The lowest allowed energy wiU not be £ = 0 but will have some minimum value
E = Eq.

3. The probability of penetration of the particle in the potential well beyond the limit 
- A and + A will be finite.

Now Schrodinger's equation for the harmonic oscillator with V' = — kx^ will be
2

2 2dx^ { 2
It is convenient to write equation (8) by introducing the dimensionless quantities

- ■\/km

5^v|/ 2m f
...(8)V = 0

1/2 2n mv
...(9)y= -U

2E fm _ 2E
Yl~k ~'h^

where v is the classical frequency of the oscillation given by equation (5). By making 
these substitutions, we have changed the units of x and E from metres and joules 
respectively to appropriate dimensionless quantities.

X X
ft

and ...(10)• a =

• STUDENT ACTIVITY
3. Obtain the normalization condition for a wave function.

4. Using energy and momentum operator obtain Schrodinger's equation for a free 
particle.
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Atomic and Nuclear Physics • EXERCISE
1. Discuss briefly the considerations that led de-Broglie to postulate matter waves. 

Obtain an expression for the wavelength of matter waves.
2. Describe the experiment of Davisson and Germer for the verification of de-Br,oglie 

equation.
3. Describe with necessary theory. Thomson's method of finding the electron 

wavelength.
4. Define wave velocity and group velocity. Distinguish between wave velocity and 

group velocity in wave motion.
5. Define Heisenberg's uncertainty principle. Give one experiment for its 

demonstration.
6. Give some applications of uncertainty principle.
7. Give a brief description of the physical interpretation of the wave function.
8. Obtain an expression for Schrodinger's wave equation for a free particle.
9. Derive Schrodinger’s time dependent equation for a particle.
10. Derive Schrodinger's time independent equation for a particle.
11. Write the Schrodinger's equation for the particle in a box (one-dimensional) and 

solve it to obtain the eigen values and eigen functions.
12. Set up Schrodinger's equation for a harmonic oscillator. What energy values does 

this equation predict ?
13. An electron and a proton are accelerated through the same potential difference. 

The ratio of their de-Broglie wavelength will be :
I

nip rtln(b)-^ (c)-^^ . (d)l(a),-
V rn-e rup

t

14. What potential must be applied on an electron microscope so that it may produce an 
electron of wavelength 1 A ?

(c) 150 V (d) 200 V(a) 50 V
15. The momentum of a photon of wavelength 0.01 A is :

(c)10“^*

(b) 100 V

(d)10^2;i
16. The kinetic energies of an electron and proton are same. The ratio of de-Broglie 

wavelengths associated with them will be :
(a) 1 : 1836

(b) 10^ k(a)hI

(d) (1836)2

17. A particle with rest mass niQ is moving with speed C. The de-Broglie wavelength 
associated with it is

(b) Vr836:1 (c)1836 : 1

(d)^hv(a)0 (b) X (c)
moC /iv

18. The effective mass of a photon of energy hv is :/
hvI (a)0 (d)(b)x (c) mo/ C2I

19. The de-Broglie wavelength of an atom at absolute temerature (T) K will be

(a) -------
mKT

20. The wavelength of an electron of energy 100 eV is :
(a) 1.2 A (b)loA (c)lOoA (d) None of these

21. The ratio of wavelengths of deutron and proton accelerated through the same 
potential difference will be :

-JzinKT
(h)~

h
h

(d)(c). Vsmiirr h

(a)| (b)4 (c)V2 (d)2Vi
22. The velocity at which the mass of a particle becomes twice its rest mass, will be ;I

V32CC (d) 3. C(a)^ (b) (c)^.C
V3
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23. The energy of an a-particle, whose de-Broglie wavelength is 0.004 A is :
(a) 1270 eV

24. The correct curve between intensity of scattering (/) and the angle of diffraction (6) 
in Davisson-Gemer experiment is :

; Quantum Mechanics*
(b) 1270 KeV (c) 1270 MeV (d) 1270 GeV

f

l
lAlA

(b)(a)
f

/
><1> I50“ 50“ I

lAlA I

I
!

(d)(c)

I>4'50“50“

25. The mass of electron varies with :
(b) velocity of electron 
(d) size of cathode

26. The minimum uncertainty in the position of electron moving with a velocity of 
3x 10^ m/s will be :
(a) 0.038 A

27. Uncertainty principle was enunciated by :
(b) Zeeman

28. Momentum of a particle is proportional to :

(a) size of electron 
(c) variation of g /

(d) None of these(b) 0.038 cm (c) 0.038 m

f(c) Heisenberg (d) de-Broglie(a) Raman /
I

«i)i I(a) n In
r** 929. Mf dt = Q means that particle exists in space :

(b) Every where 
(d) None of these

/•oo 230. dV = 00 means that particle exists in space :

(b) Every where 
(d) None of these

00

(a) No where 
(c) At special place

/J— CO
/

(a) No where 
(c) At special place

31. The condition of normalization is :
(a) {\|/)^ dV = 0

J-x

(c) I v dV = 0
i-X

(b) r dV =h
J-X

(c) None of these/

32. The relation between potential energy Vand de-BrogUe wavelength is :
(a) V cc X, (b) V oc — (c) y a: ^ / (d) None of these

X2
33. The momentum operator is :

h d (c)ih . —
i dt

(a) ih — Cb) - /i dx dx 7dt I
34. The energy operator is :

, . h 5 ,(a) ih — I

dt i dx
35. The value of (o is :

(d)4E E , . h 
(c)-

I
(b)- I

E : E ■
I
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Laser PhysicsUNIT

4
LASER PHYSICS

STRUCTURE
Purity of Spectral Line 
Coherence
Frequency of a Spectral Line
Spatial Coherence Related w^th Size of the Source
Laser
Transitions between Two Everi States of An Atom Can Take Place in Three Ways
Principle of Laser
Ruby Laser
Helium-Neon Laser
Main Components of the Laser
Properties of Laser Beam
• Student activity
• Test yourself
• Exercises
• Answers

I LEARNING OBJECTIVES••.II

After learning this chapter, you will be able to know
• Different types of coherence.
• Frequency of a spectral line.
• Principle, construction and working of different Laser i.e., Ruby Laser, Helium-neon Laser.
• Properties of Laser beam.

• 4.1. PURITY OF SPECTRAL LINE
A spectroscope shows that each spectral line of wavelength k has a finite spread. The 

Cadmium red line (X = 6438A)has;a spread ~ 0.007A; sodium yellow Dj line (A, = 6438A) 
has a spread ~ O.OgA These spreads are not due to the observing instruments, because 
instruments of resolving powers capable of showing AX less than 0.001 A were used. So
we see experimentally that each spectral line has a finite purity. We may define this 
purity Q by

...(1)
a;.

where A X. is half-width of the spectral line. We then see that the purity of Cd red line is 
- 10® and of Na Di line ^ 10^.

• 4.2. COHERENCE
If any wave appears as a pure sine wave for infinitely long time and for infinite space, 

then it is called the perfectly coherent wave. Practically no wave is perfectly coherent 
but all waves are only partially coherent and appears as a pure sine wave only for a 
limited time or space.
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Atomic and Nuclear Physics Criteria of Coherence
There are two different criteria of coherence, the criteria of time -and the criteria of 

space. This gives rise to temporal coherence and spatial coherence.
1., Temporal Coherence : In ideal conditions the oscillating electric field of a 

perfectly coherent light wave would have a constant amplitude of vibrations at all times 
while its phase would vary linearly with time or it will appear as ideal sinusoidal 
function of time (Fig. 1 (a)). However, no light emitted by an actual source produces an 
ideal sinusoidal field for all values of time. This is on account of the fact that when an
excited atom returns to the initial state, it emits light "pulse" of short duration (e.g., 
= 10-10 sec. for sodium atom). Thus the field remains sinusoidal for time-intervals of 
the order of 10“^® sec., due to an actual light source will be as shown in Fig. 1 (b).

Fig.1

The average time-interval for which the field remains sinusoidal is known as 
"Coherence time" or "temporal coherence" of the given light beam. It is denoted by 
T. Further, the average length for which the field remains sinusoidal is called the 
"coherence length" (L) of the wave and is given by

L = T c
where c is the speed of light.

Thus coherence time t, coherence length L and purity Q are three equivalent ways of 
expressing the coherence of the observed light.

Spatial Coherence : The spatial coherence is a 
measure of phase-relationship at different points in space 
due to light waves emitting from a single source S. The 
phase relationship between two points A and B lying on a 
line joining them with S, depends on the distance AB and 
also of the temporal coherence of wave.

If AB « L (coherence length), then there will be a high coherence betweenA and B. 
On the other hand; if AB » L, then there will be no coherence between A and B.

Now let us consider two non-linear points A and C which are equidistant from S. If 
the source S is a true point source (i.e., waves on A and C reach exactly from one point) 
then waves shall reach A and C in exactly the same phase. The two points A and C are 
then said to be in perfect coherence or in spatial coherence. If, however, the source S 
is extended, then it is quite probable that the points A and C receive waves from 
different independent part of S. Hence the points A and C will no longer remain in 
coherence. Further it is observed that as the size of the source is gradually increased, 
the situation of spatial coherence changes into a situation of incoherence.

Here it may also be noted that

(i) a relationship between spatial.coherence and size of the source can be derived 
mathematically.

C

A B
Fig. 2
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Laser Physics(ii) the term Xal lis termed as ‘lateral spatial coherence width’ where ‘a’ is the 
normal distance between the source and the point on which spatial coherence is being 
observed. ‘Vis the width of the source and ‘V is the wavelength of light emitted from the 
source.

(iii) to obtain a good interference pattern with Young’s double slit experiment, the 
separation between the slits should'be kept much less than the coherence with.

• 4.3. FREQUENCY OF A SPECTRAL LINE
Each spectral line of any wavelength has a finite spead. In Michelson-Morley 

experiment, when path difference between the two interfering beams is zero and very 
small. Then good fringes are obtained. When the path difference between the beams is 
increased, the fringe pattern almost disappear. We know that the pattern disappears 
due to rion-monochromaticity of the light source i.e., path difference exceeds the 
coherence length.

Let us consider that path difference between the interfering beams becomes equal to 
the coherence length V, using two closely spaced wavelengths Xj and ^2 where Xj is the 
wavelength of bright ring and X2 in of dark ring..

Since they coincide so
( I II = = n ■¥ — \2-
V

7 “ ill
I — --- H-----Xo

2
^ LEliminating n, we get

Xi

J,___l_ _ 1
X2 Xi 2

^ ^1 - ^2 ^2 
X2 2

or

or

X2^1 X2 _
2(Xi -X2) 2(Xi -Xg)

I ~or

Xj = X 

Xg = X + AX
then the interference pattern produced by wavelengths X and X + - AX would disappear,

2

X^ X2
f 1 ^2 - AXU J

Now, for each wavelength lying between X and X + - AX, there is a corresponding
2

wavelength (lying between X + - AX, and X) such that the minima of one fall on the
2

maxima of the other, causing the fringes to disappear. In other words, the fringes will 
have a very poor contrast for

Let

if

l=-~
AX

>2 

AX

AX > —or
I

Thus, if the fringes become indistinct when the path difference exceed I, we can 
conclude that the spectral line (of mean wavelength X) has a wavelength-spread (width) 
given by
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A.A X » —
/

For the cadmium red line (X = 6438 A) I is 30 cm. Then

aX « —

Atomic and Nuclear Physics

L
(6438 A)2 *0.01 AfS

30x10® A

For the sodium yellow line = 5893 A), L is about 3 cm. and
(5893A)^
30 X 10® A

«0.lAAX =

cFurther, since v = — , the frequency-spread Av of a line would be

Pi
Av =

IWe know that t = -, where x is coherence time.
c

^ 1 Av * -,
T

Thus, the frequency-spread of spectral line is of the order of the inverse of the 
coherence time.

• 4.4. SPATIAL COHERENCE RELATED WITH SIZE OF THE SOURCE
We may derive a relationship between the spatial coherence and the size of source. 

An extended source is made up of a large number of point-sources. Let us first consider 
the case when the Young's double-slit is illuminated by two independent point-sources 
S and S' at a distance I apart (Fig. 3). We shall find that minimum value of I at which 
pattern on the screen would disappear. The waves from S which reach the point O on 
the screen uia Young’s slitsSi andS2 have zero path difference. Hence there is a bright 
fringe at O due to S. Now, the waves from S' reaching the point O via Si and S2 have a 
path difference S’S2 - S'Sj. Clearly, we shall obtain a dark fringe at O due to S' when

SiS’

S P
i-0

[0
/ Q ^

Screedai 32

Fig. 3

MS2 =- ...(i)2’

where Xis the wavelength of light. When this is the case, the maxima of the interference 
pattern due to S will fall on the minima due to S’ so that the fringes would disappear. 
Now, from the figure.

MS2 -Qd,
where d is the separation between Si and 52- Let a be the distance between 5 and Q. 
Now, again from the figure where 0^^+ 02 = a

QS2 ^SS'.
^ SP'e-
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a = SP + PQ^ — = Î ^
0 e ’ 0 0

' Laser Physics

l + -
2;0-or /

a

I + — d
2JMS2 ^Qd-^

Assuming that L » —; we can write 
2

MS2 -

So
o

a

Thus, in view of equation (i), the interference pattern would disappear if 
Id ^ X 
a 2
l^Xd

...(ii)or
2d

From this it is clear that if we illuminate the double-slit with an extended source 
whose linear dimension exceeds Xa / 2(i, then no interference pattern will appear on the 
screen.

Now, if we have an extended incoherent source having linear dimension roughly
Xa / d then for every point on the source, there is a point at a distance Xa / 2d which
produces fringes shifted by half a fringe-width. Hence the interference pattern will not
be observed. Thus, for an extended (incoherent) source made up of independent
point-sources, interference fringes of good contrast will be observed only when

, Xa I « —
d

\Xad «whenor.
I

If the extended sources SS' subtends an angle a at the slits, that is, at point Q, then
Ia - —
a

and the above condition for obtaining fringes of good contrast takes the form

a « —.
a

The distance given by

I -Atw ~
a

is termed as "lateral spatial coherence width". It is the distance over which the beam is 
spatially coherent. This conclude that to obtain a good interference pattern with 
Young's double-sht, the separation between the slits (Sj and S2) should be kept much 
less than the coherence width.

• STUDENT ACTIVITY
1. What do you understand by purity of spectral lines ?
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Atomic and Nuclear Physics 2. Define coherence length.

3. What is coherence time ?

4. Define lateral spatial coherence width.

• 4.5. LASER
In interference of light, we have used a term coherence between two sources of light. 

The two sources are coherent, when they vibrate in the same phase or with a constant 
phase difference. We know that light from a source comes as the sum total of radiation 
by billions and billions of atoms or molecules in the source. The phase is different at 
different times. In recent years, some sources are developed which are highly coherent 
i.e., the radiation given out by all the emitters in the source is in mutual agreement not 
only in phase but also in the direction of emission and polarisation. These coherent 
sources are called as Lasers. The word LASER stands for the "Light Amplification by 
Stimulated Emission of Radiation".

It was first predicted by Einstein in 1916. Thus it is a device to produce strong, 
monochromatic, collimated and highly coherent beam of light.

• 4.6. TRANSITIONS BETWEEN TWO EVEN STATES OF AN ATOM CAN 
TAKE PLACE IN THREE WAYS
1. Stimulated absorption
2. Spontaneous emission and
3. Stimulated emission
They are :

21. Stimulated Absorption of Radiation : When one 
of the atoms passes from state 1 to state 2 under 
stimulation from a photon .of energy hvi2 of the 
surrounding radiation, so that photon is lost, then this ^ 
process is known as stimulated (or in|duced) absorption of 
radiation. The absorbed photon is the stimulating photon:

£2

-'VWWVv—► 
hvi2

E,♦
AfterBefore 

(Stimulated Absorption)
Fig. 4 (a)
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'iLaser PhysicsThe probability of occurrence per unit time of this absorption transition 1 ^ 2 is 
proportional to the rate at which photons of frequency V12 fall on the atom and 
therefore to the spectral energy density U12 (v) of the incident radiation. It is given by

^l->2 =-Si2“l2('')
where B12 is a proportionality constant and is known as "Einstein's coefficient of 
absorption of radiation".

Spontaneous Emission of Radiation : When an 
atom jumps from higher energy state 2 to lower energy ^ ^
state 1 of its own accord, emitting a photon of energy hyi2, 
then the process is called as spontaneous emission of 
radiation. In this case, the radiation emitted 
spontaneously by each atom has a random direction and a 
random phase and is therefore incoherent from one atom to 
another.

The probabihty of spontaneous emission 2 -> 1 is determined only by the proerties of 
states 2 and 1. Einstein dentoed this probability per unit line byi42i which is known as 
"Einstein's Coeff. of spontaneous emission of radiation" A21.

Stimulated (or induced) Emission of Radiation : A ^ ,
photon of frequency ^^2 from thesurrounding radiations 
induces or stimulates one of the atoms from state 2 to go to ^vvwvv\_*. 
state 1. So two photons each of energy hvi2 come out. This 
type of emission is called "stimulated emission" of 
radiation (or negative absorption of radiation).

In this case, the direction of propogation, energy, phase 
and state of polarisation of the emitted proton is exactly the same as that of the 
stimulating photon. In other words, the stimulated radiation is completely coherent 
with the stimulating radiation. As a result of this process, radiation passing through an 
assembly of atoms is amplified.

The probability of stimulated emission transition 2 -> 1 is proportional to the 
spectral energy density U12 (v) of the stimulating radiation and is given by B21 U12 (v) 
where B21 is the "Einstein's coeff. of stimulated emission of radiation = B21 U12 (v)."

The total probability for an atom in state 2 to drop to the lower state is therefore

^2->i = -^21 + -^21 ^12 W
Relation between Spontaneous and Stimulated Emission Probabilities : 

consider an assembly of atoms which are in thermal equilibrium at temperature T with 
radiation of frequency V12 and energy density U12 (v). If Ni and N2 are the number of 
atoms in state 1 and 2 respectively at any instant, then the number of atoms in state 1 
that absorb a photon and rise to state 2 per unit time is given by

=^1-^2 ^12 W
and the number of atoms in state 2 that dro to 1, either spontaneously or under 
stimulation, emitting a photon per unit time is given by

^2'f*2-»'l = -^2 [-^21 ■^lI^12('')]

In equilibrium, the absorption and emission must occur equally. Thus

NiBi2“'12 ^2 [-^21 + ^21 “-12 ('^)]
N 2-^21

N1B12 -N2B21 
A211 B21

.-^2 jl-521 J

•..(1)

E2
bvi2

El1
Before 
(Spontaneous Emission)

Fig. 4(b)

After

^VVWv^\__^

-•—:Ei 
After

hvi2
Before

Fig. 4 (c)

...(2)

(from(l)) ...(3)

(from (2)) ...(4)

Ui2(v) =or

...(5)
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Atomic and Nuclear Physics Einstein proved thermodynamically that the probability of stimulated absorption is 
equal to the probabihty of stimulated emission, i.e.,

Bi2 =-821
^ A >•^21

Hence from (5), “12 N, -.(6)
-1

^2

The equilibrium distribution of atoms among different energy states is given by 
Boltzmann’s law, according to which

El = ^(E2-Ei)/kT ^ gAvi2/feT
-(7)

^2

Hence from equation (6),

.^21
U12 (v) = ...(8)^hvi2/kT

This is the relation for the energy density of pohoton of frequency V12 in equilibrium 
with atoms in energy states 1 and 2, at temperature T.

Comparing equation (8) with Planck radiation formula

87c
------- 1

Uj2(v) =

871/1 vjg

From this relation we find that the ratio between the spontaneous emission and 
induced emission coeffs. is proportional to v^2- means that the probability

spontaneous emission increases rapidly with the energy difference between two states.

■^21 ...(9)we get,
^21

• 4.7. PRINCIPLE OF LASER
The basic principle of the laser action is the phenomena of stimulated emission, 

which was predicted by Einstein in 1917. The simplest kind is a three-level laser. It 
has three states, ground state, excited state and metastable state. Metastable state lies 
between ground state and excited state. The life of metastable is 3 x 10 ^ sec which is

B

about 10 times greater than the life time of excited state 10 sec.

Population inversion : In normal course, the number of atoms in higher energy 
state (A^2) smaller than the number in lower energy state (Ni) and hence the 
phenomena of stimulated emission is almost no possible. If by same method number of 
atoms in higher energy state are made longer then the process stimulated emission is 
possible. Hence the condition in which the number of atoms in the higher 
energy state are more than that in lower state (N^ >Ni) is known as 
"population inversion" or reversal.

Pumping : The method by which such a population inversion is obtained, is called 
"pumping". These are various types of pumping process, but the must natural is ‘optical 
pumping’ which is used in Ruby laser.

Condition for Laser Action : The main condition in a laser is to make the 
stimulated emission dominant over the spontaneous one. This requires that

(i) N2 should be greater than Ni : Making N2 >^i is called 'Population 
Inversion, because it is against the equilibrium condition.

(ii) U12 should be made large ; U12 can be made large by enclosing the emitted 
radiations in a cavity, usually between two parallel reflectors. The radiation
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Laser Physicsrepeatedly travels back and forth, only a small part being able to go out. In this cavity 
large ui2 is thus created and stimulated emission grows in strength relative to the 
spontaneous one.

(iii) A21 /B21 should be kept small: This can be achieved by choosing the uppper 
level 2 as a metastable level (metastable level is one from which spontaneous 
transitions to level 1 are normally disallowed). This makes A21 extremely small.

• 4.8. RUBY LASER
This is the first laser developed by Maiman in 1960. It is solid state laser so it is 

capable of generating very high power for very short intervals of time.
Construction : It was made from a single cylindrical crystal of ruby whose ends are 

flat. One end is fully silvered and other is partially silvered. A coil filled with Xenon gas 
is wound over the rod. The Ruby rod is a crystal of AI2O3 doped with same chromium 
oxide (Cr03).Some of A1 
give pink colour to the ruby and give rise to the laser action.

Working : The energy levels of chromium ion are shown in the fig. 5. It consists of 
the energy levels E^, E2 and E^.Ei is the ground state.

Coiled Xenon 
Flash lamp

+++ +++ + + +ions are replaced by Cr ions. Chromium ions (Cr )

Ruby rodGlass tube

/Or\
-► Laser 

beam
♦

\y \y yy \Fully I 
silvered Partially

silvered
Fig. 5

Energy level, E3 is known as short level excited state energy level having life time of 
« 10~® sec. The excited state E2 lies between Ei and E2 level and having a life time of 

sec. i.e., (about 10® times greater than the life time of E^ - 10"^ s). This E2 
state is known as metastable state.

. Normally, most of the chromium ions are in the ground state Ei; when a flash of light 
falls upon the ruby rod, the chromium ion absorb the photons by 6600 A and (raised) 
'Pumped’ to the excited state E3 .This is known as "optical pumping" and denoted by (1).

The excited ions give up, by collision, part of their energy to the crystal lattice and 
decay to the "metastable" state E2. The corresponding transition 2 is thus a 
radiationless transition. Since the state E2 has a much longer life-time, the number of 
ions in this state goes on increasing while due to pumping, the number in the ground 
state El goes on decreasing. Thus, population inversion is established between the 
metastable (excited) state E2 and the ground Ei.

When an (excited) ion passes spontaneously from the metastable state to the gorund 
state (transition 3), it emits a photon of wavelength 6800 A. This photon travels through 
the ruby rod and, if it is moving parallel to the axis of the crystal, is reflected back and 
forth by the silvered ends until it stimulates an excited ion and causes it to emit a f resh 
photon in phase with the stimulating photon. This "stimulated" transition 4 is the laser 
transition. (The photons emitted spontaneously which do not move axially escape 
through the sides of the crystal). The process is repeated again and again because the 
photons repeatedly move along the crystal, being reflected from its ends. The photons

-3-3x10

Self-Instructional Material 87



Atomic and Nuclear Physics thus multiply. When the photon-beam becomes sufficiently intense, part of it emerges 
through the partially-silvered end of crystal.

There is a drawback in the three-level laser such as ruby. The laser requires high 
pumping power because the laser transition terminates at the gound state and more 
than one-half of the ground-state atoms must be pumped up to the higher state to 
achieve population inversion. Moreover, ions which happen to be in their ground state 
absorb the 6800 A photons from the beam as it builds up.

The ruby laser is a "pulsed" laser, that is, it emits laser light in pulses. This is 
because the active medium (Cr
pulses. While the Xenon pulse is of several millisecond duration; the laser pulse is m a 
shorter,- less than a millisecond duration.

++-I- ions) is excited in pulses, and it emits laser light

• 4.9. HELIUM-NEON LASER
It is a four-leveTlaser which was first developed Ali-Javan. It was also the first gas

laser.
The He-Ne laser consists of a mixture of He and Ne in a ratio of about 10 : 1 placed 

inside a long narrow glass tube. The pressure inside the tube is about 1 mm of Hg (1 
Torr). At the both ends of the tube two plane and parallel mirrors are filled, one of them 
is fully silvered and another is partially silvered. An electric discharge is produced in 
the gas mixture by electrodes.

Partly Silvered 
Mirror ^

Partialy Silvered 
Mirror

/ \

I I Laser
beamHe + Nei iI Discharge

electrodes
Fig. 6

The first few energy levels of He and Ne atoms are shown in figure 6. When an 
electric discharge is passed through the gas, the electrons travelling in the tube collide 
with the He atoms and ’pump’ (excite) the He and Ne atoms from the ground state to 
state El and E2 eV respectively. These states are Metastable. He and Ne atom stay in 
these levels for a sufficiently long time before losing energy through collisions. Due to 
this collision He atoms transfer their energy to ground state Ne atoms having

Collisions with Electrons

Metastable State20.66 eV20.61 eV— 
Fi E3 6328 A WV^

VXAA* 6328 A (Laser Transition) 
VW^

Metastable
State

18.70 eV —
£2 Spontaneous Transition

Excitation by 
electron Impact El

Radiationless Transition

De-excitation by 
Collisions

Ground State EqFo
NeHe

A Four-Level Laser
Fig. 7. Energy levels of He and Ne.
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additional energy 0.05 eV. Thus a state of population inversion in Ne atom is obtained 
by He atoms. In this position any spontaneously emitted photon can start laser action.

When an excited Ne atoms passes spontaneously from the metastable state at to 
state at , it emits a 6328 A photon. This photon travels through the gas-mixture, and 
if it is moving parallel to the axis of the tube, is reflected back and forth by the 
mirror-ends unit it stimulates an excited Ne atom and causes it to emit a fresh 6328 A 
photon in phase with the stimulating photon. This stimulated transition from £3 level 
to E2 level in the lasser transition. This process is continued and a beam of coherent 
radiation builds up in the tube. When this red-light beam becomes sufficiently intense, a 
portion of it escapes through the partially-silvered end.

From the E2 level the Ne atom passes down spontaneously to a lower metastable 
state emitting incoherent light, and finally to the ground state through collision with 
the tube walls. The final transition is thus radiationless.

Actuallyi there are other energy levels between the £3 and E2 levels in Ne atom; 
and transitions between them result in the emission of radiation having wavelength 
3.39 pm, 1.15 pm besides the visible radiation of wavelength 0.6328 pm (6328 A).

He-Ne gas laser is a ‘tunable’ laser : The He-Ne laser can be tuned (adjusted) to 
give radiation in any desired wavelength range. This can be done by choosing end 
mirrors having high reflectivity over only the required wavelength range.

Superiority of Gas Lasers over Solid-state Lasers : (i) The gas lasers, in 
general, emit light which is more directional and more monochromatic. This is because 
of the absence of certain effects like crystalline imperfection, thermal distortion and 
scattering which appear in solid state lasers.

(ii) Gas lasers are capable of operating continuously.
(iii) Further, since the laser transition does not terminate at the ground state, the 

power needed for excitation is less than that in a three-level ruby laser.

Laser Physics

• 4.10. MAIN COMPPONENTS OF THE LASER
There are 3 main components of any laser :
1. The active medium : The active medium consists of a collection of atoms, 

molecules or ions which is - capable of amplifying light waves. Under normal condition, 
there are always a large number of atoms in the lower energy state than in the excited 
energy state. When photons (y-rays) are passed through the atoms then the condition of 
"population inversion" is obtained

I Active medium A I'wmmmmmmm: Outputre
II

Mirror
Fully Silvered

Partially Silvered

Fig. 8

2. The pumping source : In this optical pumping is used. It gives the condition of 
population inversion between a pair of energy levels of the atomic system when the 
condition of population invesion is obtained by input light beam can get amplified by 
stimulated emission.

^ VW^
Input-\/\/\/\* Optical Amplifier VW^ Output

VW^
Fig. 9

3. Resonator : A medium with population inversion is capable of ampHfication. 
Such a medium is known as resonator. Resonator is a pair facing each other.
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Atomic and Nuclear Physics • 4.11. PROPERTIES OF LASER BEAM
The laser beam has certain characteristic properties which are not available in light 

derived from ordinary sources.

(i) The laser beam is completely coherent.

(ii) The laser beam has very narrow band-width which is the same thing as high 
monochromaticity or high temporal coherence.

(iii) The laser beam has narrow angular spread which is the same thing as high 
directionality.

(iv) The laser beam has extreme brightness.

Applications : Due to these characteristics, the lasers have wide applications in 
different branches of science. Following are some important uses of lasers ;

(a) Due to the narrow band-width, lasers are used in microwave communication and 
in computers.

In microwave communication is signal is mounted on carrier waves by the process of 
modulation. Since the band width of carrier waves is limited, the number of channels of 
message which can be carried simultaneously is limited. But by the use of lasers, more 
channels of message can be accomodated because the band width is very small.

By the use of lasers, the storage capacity of information in computers is greatly 
improved. It is being tried to transmit an entire memory bank from one computer to 
another due to narrowness of band width.

(b) Due to narrow angular spread.
(i) The laser beams have become a means of communication between earth and 

moon or other satellites.
■ (ii) The earth-moon distance has been measured with the use of lasers.

(iii) The optical fibre communication has become possible because the laser beams 
can be directed into thin optical fibres and by repeated total internal reflections the 
beams may travel several kilometers in these fibres. Telephone communication 
through wires or even microwave communication may thus be replaced by optical fibre 
communication.. The infra-red lasers are best for this purpose, because optical fibres 
have least losses in that region.

(iv) The laser beams can be focussed on very small areas (= 10 cm ).

• STUDENT ACTIVITY
5. Explain the term laser.

V-

6. Define stimulated absorption.
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Laser Physics7. Define spontaneous emission.

8. Explain stimulated emission.

• EXERCISE
1. What is coherence ? Distinguish between temporal coherence and spatial coherence.
2. . Obtain the expression for the frequency of a spectral line and then show that

frequency spread of a spectral line is of the order of the inverse of the coherence 
time.

3. Discuss spatial coherence as related to the size of the source. Obtain expression for. 
the lateral spatial coherence width and give its significance.

4. Give the principle of Laser. Discuss the principle of population inversion and hence 
explain the essential requirements for producing laser action.

5. Describe the construction and working of Ruby laser.
6. Discuss the working of He-Ne gas laser and explain its superiority over ruby laser.
7. The number of criteria of coherence exist are :

(b)3 (c) 4 (d)6(a) 2
8. The distance for which the field remains sinusoidal is :

(d)L = (Tc)-'(b) L = Tc (c) L = cl z{a) L-z! c
9. If A^i and ^2 be the number of atoms in states first and second respectively then in 

population inversion :
(a) iVi >N2

10. In LASER there exists :
(c) =N 2' (d) None of these(b)iV2 >iVi

(b) absorption
(d) neither (a) nor (b)

(a) stimulated emission 
(c) both (a) and (b)

11. The main features of Laser beam are : 
(a) narrow bandwidth only
(c) both (a) and (b)

12. Ruby laser is a :
(a) two level laser (b) three level lat^r

(b) narrow angular spread only 
(d) neither (a) nor (b)

(d) all of these(c) four level laser
13. Due to high directionality, high monochromaticity and coherence, a laser beam is

used in:
(b) polarisation

(d) all of these
(a) diffraction experiments 
(c) interference experiments 

14. Narrow bandwidth-of laser, give rise the uses of lasers in :
(a) communication and computers (b) Raman spectroscopy

(d) neithe (a) and (b)
15. The important feature of stimulated emission is that the emitted photons have :

(c) both (a) and (b)
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Atomic and Nuclear Physics (a) same energy (b) same direction (c) same phase (d) all of these 
16. The life-time of an atom in metastable state is of the order of:

(c) 10”^ sec (d) None of these(a) 10 ® sec (b) 10 -7

Answers
7. (a), 8. (b). 

13. (c).
9. (b), 
14. (a).

10. (a). 
16. (d).

11. (c),
16. (c).12. (b).
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Nuclear PhysicsUNIT

5
NUCLEAR PHYSICS

STRUCTURE
Methods ot Detection of Charged Particles 
Ionization Chamber 
Proportional Counter 
Geiger-Muller Counter (G. M. Detector)
Scintillators
Structure of Nucleus : Proton-Electron Hypothesis 
Nuclear Forces
Yukawa's Meson Theory of Nuclear Forces 
Packing Fraction 
Angular Momentum
Potential Energy Barrier and Theory of a-Decay 
Gamow's Theory of a-Decay and Geiger-Nuttal Law 
Experimental Investigation ot p-Ray Energy Spectra 
Nuclear Reaction
Nuclear Reaction Induced by a-Particles
Q-Values of Nuclear Reactions
Atomic Mass Unit (United Atomic Mass Unit)
Liquid Drop Model 
Semi-Empirical Mass Formula 
Magic Numbers and Shell Model 
Nuclear Fission 
Nuclear Fusion
• Test yourself
• Exercises 
» Answers

LEARNING OBJECTIVES
After learning this chapter, you will be able to know

• Different methods of detection of charged particles.
• Working of ionization chamber.
• Principle, construction and working of proportional counter.
• Working of G.M. counter.
• Working of scintillation detector.
• Study of nucleus.
• Study of nuclear forces.
• Binding energy of deuleron.
• Concept of fission and fusion.
• Angular momentum of the nucleons.
• Study of different statistics i.e. Bose-Einstein, Fermi-Dirac.
• Theory of a-decay.
• Experimental investigation of p-ray energy spectra.
• Nuclear reactions and their Q-values.
• Study of different models of nucleus.
• Magic numbers and shell model of nucleus.■

• 5.1. METHODS OF DETECTION OF CHARGED PARTICLES
The following are the instruments which are generally used for the detection of a 

and P-particles (i) Ionization chamber (ii) Proportional counter (iii) G. M. counter (iv) 
Scintillation counter (v) Spinthariscope (vi) Photographic emulsion (vii) Wilson's cloud 
chamber (vii) Bubble chamber (viii) Gerenkor radiation (ix) Tunnel diode.
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Atomic and Nuclear Physics Basic Working
An instrument that measures radiations consists of two parts — (1) Detector the 

measuring system. The output from the detector is fed into the measuring system. All 
types of detectors used for the detection and measurement of radiations are based on 
the interaction of the radiations with the matter. Such an interraction produces either 
an ionization effect or an excitation effect. On particular group of detectors is classified 
under ionization detectors. These detectors are devices in which the electric charge of 
the ion-pairs formed through radiation interactions is collected and then amplified.

■p a
-J3 S
•SP 8

S '3•i 'io. c
a o 

O
I IIIII IV V VI

s
3s

Voltage
Fig. 1. ionization, proportional and GM regions. (Curve a and b 
represents responses to weak and strong ionizing radiations).

The passage of radiation through certain inorganic materials produces excited 
atomic states, whereas in certain organic materials molecular vibrational states get 
excited. In both cases, the light that is emitted during de-excitation is converted into 
electric pulses and fed to the measuring system. The detectors based on this principle 
are called the scintillation detectors.

The measuring system consists of electronic circuits which amplify and record 
radiation emission (also called an event) in the form of individual pulses.

A graph between output pulse on the applied voltage is shown in Fig. 1. The curve 
here can be better interpreted if we divide it into six regions.

In region I, the appUed voltage is low and the probability for ion recombination is 
high; therefore, only a fraction of the ions created is collected at the electrodes. Ion 
recombination decreases when the mobihty of the ions is increased by enhancing the 
applied voltage and hence the electric field. Thus, region I is called the recombination 
region. The pulse height in this region increases with applied voltage.

In region II, the output pulse height or the number of ions collected is more or less 
constant, indicating saturation. The loss of ions through recombination is negligible in 
this region. This is called the ionization region and it normally extends over a few 
hundred volts.

Region III is called the proportional region. In this region, secondary ionization 
takes place, leading to gas multiplication. The primary electrons released by the 
passage of nuclear radiation have a sufficiently high, kinetic energy to cause the 
secondary ionization (gas amplification).

In region IV, there is no linear relationship between the ions collected and the 
primary ions. An avalanche of ions is created as the applied voltage V increases. The 
multiplication factor is therefore more for a particle with a low energy. This region is 
called the region of limited proportionality.

Region V is Called the GM region. In this region, any primary event gives rise to a 
discharge that spreads through the entire length of the detector because of the 
energetic photons emitted by the gas. The output pulse or the number of ions collected 
is independent of the nature and energy of the initial ionizing radiation. The applied 
voltage has very little effect on the output. The voltage region where the output is

94 Self-Instructional Material



constant is called the plateau region. Normally, this plateau extends over 2-300 V, and 
the GM region starts from over 1000 V. The output pulse height is of the order of a few 
volts and therefore no preamlifier is necessary for a detector operating in this region.

Finally, if the voltage is increased beyond a certain limit, spontaneous discharge 
starts (region VI) and signals are obtained even without any ionizing particle. No 
meaningful detection can take place in this region. A continuous operation at this 
voltage will quickly destroy the detector.

Nuclear Physics

• 5.2. IONIZATION CHAMBER
It is a gas filled detector which is used to detect the charged particles.

Principle
When the charged particles pass through gas, they ionize the gas, the positive and 

negative ions reach to electrodes and the current is 
obtained. The current is proportional to the rate of 
production of ionization between the plates.

Construction
It consists of two parallel metallic plates separated by *

a distance. The insulating material quartz or teflon is 
filled between the plates (Electrodes). Some inert gas 
like organ or xenon is filled in the chamber. The basic 
system of ionization chamber is shown in Fig. (2). The 
external voltage applied between the electrodes and it is 
adjusted for operation in region (II) of Fig. (3).

R
■vww

+6
y 0Meter

Ionizing
particles

Gas ionization chamber
Fig. 2.

G.M. counter 
region

discharge
region

CO.aG cdo
?■■a
G2 _o

*0

a Proportional 
counter region

« a
3G 2.2

N•a

IV V VII 1II III
Applied voltage

Fig. 3. Variation of number of ion-pairs in gas ionization 
detector as function of applied voltage.

When the ionization chamber is to be used for intensity measurements, then the 
ionization current is measured. The ionization current which produces due to passing 
nuclear radiation, first increases with applied voltage but but soon become maximum. 
This is known as saturated current, because at this voltage all the primary ions are 
collected before they can combine.

IsThe voltage at which saturation is obtained, is 
determined by the intensity of the incident nuclear g ^ 
radiation. If the number of ion pairs produced per S I 
second is N, the average ionization current /s at © “ 
saturation is given by Ig = Ne where e is the Applied Voltage

Fig. 4C
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Atomic and Nuclear Physics electronic charge. Thus measurement of Ig can give us the intensity of ionizing 
radiation. The, ionization current is measured by a microammeter.

Drawbacks : One drawback of this type of detector is that after the detection of one 
particle the chamber has to wait for several milliseconds before it is ready to detect the 
next particle. Hence, it is not useful if high counting rates are needed.

• 5.3. PROPORTIONAL COUNTER
It is a device which is useful in P-ray measurements, particularly for measuring the 

energy spectrum. This acts below 500 volts.
Principle

In this counter the electric field between the electrodes is sufficient high to cause 
some gas amplification while the ionization is still dependent on the nature, of, the 
incoming particle and its energ3^
Construction

It is shown in Fig. 5. It is cylindrical in shape. It consists of a thin wire of radius a 
(anode) and a concentric outer cylinder of radius b (cathode). The electric field between 
them is given by

HVp +V

R
hi'Y to,Q amplifier

Central wire anode (radius a)
Fig. 5.

T

^(r) =
1r log -

aj

The ionization is produced close to central wire where the electric field is strongest 
so output pulse is independent of where the initial ioization occurs. Electrons collection 
times (1-10 nS) are much rapid than in the ionizationn chamber.

The variation of the Logarithm of pulse height with applied voltage is shown in'Fig. 
(6). Two currves ae shown in Fig. (6) corresponding to different amount of energy 
deposited in the gas.

It consists a chamber in which the original electrons and the new released ones go, 
to produce further ionization and a rapid amplification in cascade, which is called a 
Townsend avalanche. If the field in the chamber is not high, the size of output pulse 
proportional to original ionization. Such chamber is called proportional counter.

Geiger-Mueller
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IVII VIIIIu
T5 Limited
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5
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3
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region

Ion
saturation

Applied voltage V
Fig. 6
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Nuclear PhysicsWorking
As the applied voltage is increased. The electrons produced in the primary ionisation 

are accelerated to such high energies where they can produce secondary ionization in 
collisions with neutral atoms. In proportional region (III), the total ionisation current is 
due to primary ions plus a large number of secondary ions. As the applied voltage 
increased, the total ionisation current linearly increases and proportional to the initial 
number of primary ions produced in the chamber. This region can give large one ion 
pair and secondary ion pairs and acceleration between the electrodes.

Advantages : 1. It has a good energy resolution at low energy.
2. It is used to study samples of low specific radio activity.
3., It is also used for detection of alpha rays, neutrons fission fragments etc.
4. It is widely used for neutron counting.

* 5.4, GEIGER-MULLER COUNTER (G.M. DETECTOR)
It is a device which was invented by Geiger-Muller and it is used to detect any type of 

radiation (a, P and y).

Principle
It is based upon the principle that gases become electrical conductors due to 

ionization produced when nuclear radiations are passed through them.

Construction
Geiger-Muller counter consists metallic cylindrical cathode tube supported inside a 

glass envelope. A fine tungsten wire mounted along the axis of tube acts anode. This 
wire is connected to the positive terminal of a high tension battery and negative 
terminal to copper cylindrical cathode. G.M. counter is usually filled with noble gases 
(like Argon, Neon, Helium etc.) with a small trace of halogen like chlorine or bromine 
which acts as "quenching agent".

Metallic Cathode tube
Pulse
Amplifier To

Ano^e' ^ Counting
Ratemeter

R

H.T. Battery ’
Fig 7

Glass Envelope

Working
When an ionising particle enters the G. M. tube, it ionises the gaseous mixture, by 

releasing a number of positive and free' t' electrons. Since the electrostatic field is very 
strong, therefore the electrons produced are drawn rapidly to cause more ionisation. 
Thus a crowd of electrons is formed. This rapid increase in number of ions/electrons 
known as ‘Avalanche’. This avalanche spreads in entire tube and reached 
amplification as 10®. The electrons being very light, reach the anode in almost no time 
but the massive positive ions move slowly and in nearly 1 pS they form a sheath 
(collection) around the anode. This so called space charge due to massive slow 
moving positive ions becomes enough dense and cancels the electric field around the 
anode. Ionisation then stops and no further pulse is detected. The period during which 
the ionisation remains suspended and the instrument become inoperative is called the 
‘dead time’. The time required for the complete recovery of the pulse size after 
the end of the dead-time interval is known as the recovery time and the sum of 
the dead-time and the recovery time is known as the resolving time of the 
counter. The resolving time is variable in the same counter, depending on the life of 
the counter. Now the positive ions are drawn to the cathode and ionisation again starts.
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Atomic and Nuclear Physics Thus the entry of a single particle in the tube causes a pulse of current, the 
magnitude of which is independent of the energy and nature of the ionising particle. 
This current pulse through the tube produces a voltage pulse (as small as 10 p V) across 
resistance R in series with it. An electronic pulse amplifier amplifies these small 
voltage pulses to about 5 to 50 V. This amplified output is then passed on to a 
counting-rate meter which records the number of pulses in a given time. Thus the 
average rate at which the particles enter the tube is counted. However, it does 
not distinguish between a a or p-particle which can be distinguished by finding what 
absorber placed in their path will prevent them from entering the G. M. tube. The 
combination of G. M. tube and the recorder is known as G. M. counter.

Quenching Process in G. M. Tube : The G. M. Tube should produce a single pulse 
due to the entry of a single ionising particle. The tube should not give any spixrious 
pulses but should recover quickly to be in a state to record the next entering particle. 
However, in G. M. tube, positive argon ions striking the cathode, detatch secondary 
electrons from the cathode and become neutral but are left in an excited state. These 
excited argon atoms emit photons while returning to the normal state. These photons 
cause avalanches and hence spurious pulses. Process of avoiding the undesirable 
spurious pulses is called quenching.

The presence of a polyatomic or diatomic gas (like bromine) serves the purpose of 
quenching in G. M. tube. The positive argon ions before reaching the cathode collide 
several times with bromine molecules and transfer their charge to them. Thus neutral 
argon atoms and bromine ions reach the cathode where bromine ions gain electrons 
and convert into neutral bromine molecules in excited state. These excited bromine 
molecules do not emit photons but lose their excitation energy by dissociation to convert 
into bromine atoms. Thus undesirable spurious pulses are avoided.

Voltage Characteristics : A plot of counting rate against the applied potential is 
the voltage characteristics of G. M. counter, shown in Fig. 8. It may be seen that there is 
a threshold voltage below which the tube 
does not work. As the applied potential is 
increased, the count rate increases till an 
almost flat portion of the curve called 
plateau is reached. In this region the count ^ 
rate is almost constant, all pulses are of ^ 
the same magnitude and every entering § 
particle is being recorded. Actually this is ^ 
the region in which the G. M. tube must be 
operated. This range is about 400-500 
volts for a halogen-quenched tube. Beyond the plateau region, the applied potential 
difference is so high that a continuous discharge takes place in the tube. The tube must 
not be operated in this region.

Advantages : G. M. counters are very useful in detecting nuclear particles as well 
as in measuring cosmic ray intensities and recording cosmic ray events.

Drawbacks : G. M. counters have a very low efficiency for detectipn of y radiation.

2 Plateau
I ^n s 
^ o /Working 

/ Voltage\

Applied Voltage 
Fig. 8

• 5.5. SCINTILLATORS
There are several substances, certain organic and inorganic materials, which emits 

light flashes or scintillations when charged particles, X-rays or gamma ra3^s pass 
through them'. These substances are called Scintillators.

Scintillation Counter
It is a device which is used to detect the a, p and y-rays, but most widely for y-ray 

counting. In this counter scintillators are used. The output of a scintillator is 
proportional to the incident energy and can be used to identify the encrgj’ of a 
gamma-ray.
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Principle
It is based upon the principle of fluorescence. When high energy charged particles 

pass through certain transparent materials, the atoms or molecules of Scintillants are 
excited. The excited state remains for a very short time and the molecules return back 
to their normal state with the emission of flashes of visible and ultra-violet light. These 
tiny flashes of light are converted into amplified electrical pulses by means of a 
photomultiplier tube which are recorded electronically.

Nuclear Physics

Construction and working
A scintillation counter essentially consists of a block of suitable fluorescent material 

called phosphor, a photomultiplier tube (device for detecting the seintillations — the 
tiny light flashes) and a counting device, as shown in Fig. 9. The arrangement of a 
typical type of scintillation counter is shown in Fig. 10. A suitable phosphor is fitted at 
the end of a photomultiplier tube through a ‘light pipe’ and shielded from all stray light 
by an aluminium casing.
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Fig. 10

When a charged particle asses across the phosphor, a tiny flash of light is produced. 
The photons of this flash then fall on the photosensitive cathode C of a photomultiplier 
tube which emits electrons by the photoelectric effect. These photoelectrons are 
directed by a focussing electrode to the first multiplier electrode Di called dynode. It 
has the property of emitting a number of secondary electrons for each primary 
photoelectron. There are 10 to 14 such multiplier dynodes to which progressively higher 
positive potentials are applied. Thus photoelectrons are pulled from dynode 2 to dynode 
2 and so on and each time their number is multiplied by secondary emission. Hence 
from the emission of a single electron from the photocathode, thousands of electrons 
may impinge on the anode A. Thus a highly amplified electrical pulse emerges at 
theanode.This output pulse is fed to the pulse amplifier followed by an electronic 
counting device where they are counted.

Advantages : The advantages of scintillation counter detecting are as follows :
1. Since all the light pulses are emitted in a very short time, the scintillator 

integrates these into a single pulse. The height of this pulse is proportional to the 
incident ray energy.

2. Since the scintillator is solid, it has more atoms per unit volume than a gas-filled 
detector, leading to a better detection.

3. Since the time constant of the scintillator is small («10"^ sec), sd it makes 
counting rate very high.
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Atomic and Nuclear Physics 4. A large scintillator increases the probability of absorbing the scattered rays, 
leading to an increase in efficiency.

Disadvantages : 1. A disadvantage in using a scintillator is the decrease in the 
light output with increase in the energy of the incident radiation.

2. The overall efficiency of a scintillator is low.

Scintillators are of many shapes, e.g., disk-type, right circular cyhnder: 
well-type (i.e., cylinder with a hole).

and

• 5.6. STRUCTURE OF NUCLEUS : PROTON -ELECTRON HYPOTHESIS
Until the discovery of the neutron it was assumed that an atom only contains 

electrons and protons. The concept of proton-electron constitution of the nucleus arose 
from the following experimentally observed facts :

(a) Some radioactive elements emitted p-rays which were found to be fast moving 
electrons.

(b) The discovery of isotopes and their whole number atomic weights suggested that 
all elements were built out of hydrogen atoms. The fractional atomic weights are due to 
the presence of two or more isotopes each of which has an integral mass. The 
experimental results show that nuclei of different elements can be regarded as being a 
collection of an integral number of hydrogen nuclei. The nucleus of hydrogen has a 
positive charge equal in magnitude to that of the electron and is known as a proton. 
According to the proton-electron mode, a nucleus of atomic mass number A and atomic 
charge number Z consisted of A protons and (A - Z) electrons, thus giving it a net charge 
+Ze. The nucleus was supposed to be surrounded by Z extra nuclear electrons, thereby 
making the atom on the whole neutral. For exarhple, an atom of nitrogen of atomic 
weight 14 and atomic number 7 was supposed to contain 14 protons and 14 electrons. 
14 protons and 7 electrons are packed together in the small space of the nucleus and the 
remaining seven electrons revolve round the nucleus in suitable orbits.

Failure of the electron-proton hypothesis
Although proton-electron model had some satisfactory aspects, yet there were a 

number of objections against the model. The most serious objection is that the electron 
can not exist within the nucleus. A number of strong arguments against it are

A:c<10"^^ m

(i) Angular momentum consideration : The spin angular momentum of the
proton as well as the electron is — h as both these are Fermi particles. Thus nucleus with

2
even number of protons, electrons will have an integral spin and the nuclei with odd 
number of protons-electrons will have half integral spin. This rule is not obeyed 
bynuclei. For example, deuteron, which is the heavier isotope of hydrogen with atomic 
number Z = \ and mass number A = 2 if composed of protons and electrons musthave 
two protons and one electron, giving a nuclear spin of 1/2 or 3/2 depending upon the 
orientation of particles. The observed spin of the deuteron is, however, from which it is 
again seen that the electrons are not the constituents of the nucleus.

(ii) Statistical considerations : If electrons exist with in the nucleus, then 
nucleus should contain 14 protons and 7 electrons each having spin 1/2 and should, 
therefore, have a resultant spin' 1/2 i.e., it should behave as a fermion and obey 
Fermi-Dirac statistics. But from' a study of band spectra and Raman effect, 7N^‘^ nuclei 

were found to obey Bose-Einstein statistics showing thereby that electrons do not exist 
in the nucleus.

(iii) The size of an electron calculated on the basis of coulomb law is too large to be 
contained in the small space of the nucleus.

(iv) If nuclei consist of protons and electrons, the existence of isotopes cannot be 
explained. Consider for instance the two isotopes of uranium having masses 238 and

should consist of 235 protons and235235. If electrons exist within the.nucleus, then U
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238 Nuclear Physics143 electrons with 92 extra nuclear electrons. Similarly U 
protons and 146 electrons with 92 extra nuclear electrons. This is an ambiguous 
situation which requires that these two isotopes should be placed in different groups in 
the periodic table.

(v) The spin magnetic moment of the proton is about 0.15% of that of the electron 
and is almost negligible. If the electrons exist within the nucleus, the spin magnetic 
moment of the nucleus should be nearly the same as that of the electron. But the 
observed magnetic moment of the nuclei is comparable to that of proton and is thus 
much smaller than the spin magnetic moment of the electron. This again shows that 
electrons are not the constituents of the nucleus.

Proton-neutron hypothesis : Until the discovey of neutron, it was assumed that 
a nucleus only contains electrons and protons. This set up of the nucleus has changed 
with the discovery of the neutron.

Neutron : In 1930, Bothe and Becker, bombarded Beryllium with a-particles and 
found that a very penetrating radiation was produced. J. Chadwick, in 1932 showed 
that this radiation consisted of particles of mass slightly greater than that of the proton 
but carried no charge because its path was not deflected by electric and magnetic fields. 
The particle also could not ionize a gas. This new fundamental particle was given the 
name neutron.

should consist of 238

Proton-Neutron Hypothesis : With the discovery of the neutron, the set up of the 
nucleus has changed. To overcome the difficulties experienced by proton-electron 
model, Heisenberg proposed a new hypothesis that the nucleus consists of protons and 
neutrons. According to proton-neutron hypothesis, a nucleus of atomic mass A and 
atomic charge Z consisted of Z protons giving it a net charge +Ze and N -(A-Z) 
neutrons giving it a total mass (N + Z) = A For example, the nitrogen nucleus contains 
7 protons and 7 neutrons, thus making atomic weight 14 and atomic number 7. The 
number of extra nuclear electrons is 7 i.e. 7, thus making the atom on the whole, 
neutral. As the nucleus of an atom contains protons and neutrons, a common name has 
been given to these particles, i.e., nucleons. In 238 nucleus, there are in all 23892U
nucleons out of which 92 are protons and 238 - 92 = 146 are neutrons. The rest mass of 
the proton is equal to 1.0072766 a.m.u. = 1.6725 x 10”^^ Kg and that of the neutron is 
equal to 1.0086654 a.m.u. = 1.6748x 10 Kg. The proton and neutron are, therefore 
two charge states of the same particle - the nucleon. The proton is the protonic state 
with charge +e and the neutron is the neutronic state with charge zero.

The proton-neutron theory has overcome the objections of the proton-electron 
theory, thereby avoiding the failures of proton-electron hjqjothesis and paving the way 
for acceptance of proton-neutron hypothesis.

The proton-neutron hypothesis explains the observations regarding the stability of 
nucleus. These are :

(i) Isotopic mass : The isotopic masses can be easily explained on the basis of 
proton-neutron hypothesis. Isotopes of the same atom have the same Z i.e., the same 
number of protons but different atomic masses i.e., A. Thus they have only a different 
number of neutrons i.e., N ={A~ Z).

(ii) Nuclear spin : It has resolved the difficulty regarding nuclear spin. Proton and
neutron are both fermions and have a spin ^ h. If the nucleus contains an even number

of nucleons i.e., A is even, it has an integralor zero spin. On the other hand, if the 
nucleus contains an odd number of nucleons it has a half integral spin. This agrees with 
experimental values and explains the observed spin of deuteron equal to one.

(iii) Nuclear magnetic dipole moment: The proton-neutron hypothesis explains 
the magnetic dipole moment of the nucleus.
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Atomic and Nuclear Physics • 5.7. NUCLEAR FORCES
The nucleus consist of protons and neutrons known as nucleons. As the proton carry 

a positive charge, the electrostatic force between will be of repulsion while the neutrons 
do not exert electric force. Thus the overall effect is of repulsion. Thus the nucleus must 
be highly unstable. But it is highly stable. This means that there are some other forces 
which bind the nucleons with in the nucleus. These forces are nuclear forces.

As there are two types of nucleons, the proton and the neutron. There are three types 
of attractive forces acting in the nucleus. These are :

(i) Force between two protons {p- p force)

(ii) Force between two neutrons (n -n force)

(iii) Force between a proton and a neutron (p~n force).

(i) p-p force : At large distance of separation the protons repel one another by the 
coulomb electrostatic force. At smaller distances the protons strongly jattract each other 
and this strong attractive force is the nuclear force between a pair of protons.

(ii) p-n forces : At large distance of separation, there is no force between the two 
particles but at a distance of about 2x 10“^® m the neutron and proton attract one 
another by a strong nuclear force.

(iii) n-n force : The neutron excess in heavy nuclei confirms that (n - n) forces are 
attractive but not sufficiently large to lead to a stable diproton does not exist.

Properties of Nuclear Forces
(i) Nuclear forces are extremely short range forces : The nuclear forces do not 

obey the inverse-square law, and act only over distances as short as a small multiple of 
10”^^ meter. At the distances appreciably smaller than 10"^^ meter, the attraction 
among nucleons is replaced by repulsion.

(ii) Nuclear forces are charge independent : The nuclear forces make no 
distinction between neutrons and protons. Experiments involving the scattering of 
protons and neutrons show that the nuclear forces existing between protons and 
protons (p- p forces), between neutrons and neutrons (n-n forces), and between 
protons and neutrons (p-n forces) are all essentially the same in magnitude.

(iii) Nuclear forces are primarily attractive : The overall effect of the nuclear 
forces is attractive, otherwise the nucleus would be disrupted under the electrostatic 
repulsion among the protons.

Nuclear forces also explain (1) the density of nucleons is same as all nuclei (2) 
lighter nuclei are more stable than heavier nuclei. The explanations is as follows ;

(iv) Nuclear forces are the strongest known forces in nature : The magnitude 
of nuclear forces is many times the electrostatic repulsive force between the pretons 
and about 10^® times the gravitational force between the neutrons.

(v) Nuclear forces are spin dependent: It has been observed that the force of 
attraction between two nucleons having parallel (tt) spin is stronger than tho force 
between two nucleons having anti-parallel (Ti) spin.

(iv) Nuclear forces have property of saturation : Nuclear forces are limited in 
range. As a result each nucleon having a limited number of nucleons nearest to it. This 
effect is known as saturation of nuclear forces.

(vii) Nuclear forces are non-central : The force existing between the two 
nucleons has a non-central component that does not point along the line joining the two 
nucleons. This non-central component depends upon how the nuclear spins are oriented 
relative to the line joining the nucleons.
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(viii) Nuclear forces aer exchange forces ; Nuclear forces have an exchange 
character as these forces are brought into the existence due to the exchange of , n~ 
mesons (pions) between the nucleons.

(ix) At too close : Distances of approach between the nucleons, nuclear forces 
become force of repulsion.

Because of the short-range nature of nuclear force, each nucleon in a nucleus 
interacts only with a small number of neighbouring nucleons through the nuclear 
forces. This explains why the density of the nucleons is roughly the same in all the 
nuclei.

Because of the Pauli exclusion principle, each quantum state can contain at the most 
two protons (with opposite spins) and two neutrons (again with opposite spins). Thus, 
nuclear forces favour pairing of two protons and two neutrons together. In light nuclei, 
the nuclear forces between the nucleons are much dominant over the Coulomb 
repulsion and hence the neutron number N and the proton number Z tend to be equal» 
in light nuclei. In a heavier nucleus,the radius is large and formany nucleon-pairs, the 
interaction through nuclear force is not effective. On the oter hand, Coulomb force is a 
long-range force and even the diametrically opposite protons repel each other. Thus, 
Coulomb repulsion becomes more effective for nuclei of larger mass number A Stability 
is achieved by having more neutrons than protons because neutrons do not take part in 
Coulomb interaction. That is why NI Z increases with A for stable nuclides • However, 
one should not expect greater stability.with too many neutrons because then many of 
these neutrons will not have pairing with protons. This will increase the energy and 
hence, decrease the stability. A very large nucleus can not be stable for any value of 
N / Z. The heaviest stable nuclide is oS^Bi.

OO

Protons in the nucleus do not fly apart : The very strong attractive nuclear 
forces (p-n,n-n,and n-p) between nucleus overcome the relatively weak 
electrostatic repulsive forces between protons. Hence the nucleus remains intact.

; Nuclear Physics

'I

• 5.8. YUKAWA'S MESON THEORY OF NUCLEAR FORCES
It is supposed that nuclear forces are ‘exchange forces’, which arise by the exchange 

of electrons or positrons between nucleons. But from calculations it was found that the 
forces resulting from electron and positron were many times weaker than those 
actually required for nuclear stability.

In 1935, Yukawa explained these nuclear forces by considering a new type of 
particle known as Mesons or pi-meson and denoted by ‘n. This theory is known ‘Meson 
theory of nuclear forces’. Mesons are of three types positive (tt'*’ ), negative (71") and 
neutron (71^). The mass of a meson is about 200 times greater than the mass of electron, 
but less than the mass of neutron.

Accordng to Yukawa's Meson theory, each nucleon is surrounded by a cloud of 1 or 
more pi-mesons (different charge). The basic difference between protons and neutrons 
is in the composition of ther respective meson cloud. These mesons are continuously 
exchanged between nearby nucleons. Every nucleon continuously emits and re-absorbs 
meson (Pions). If another nucleon is nearby, an emitted meson may shift across to it 
instead of returning to its parent nucleon. This transfer to momentum is equivalent to 
force known as nuclear force. This means that nuclear force between a proton and 
neutron is the result of exchange of charged mesons (71and tz~ )between them. When a 
Ti'*' meson jumps from a proton to a neutron, the proton is converted into a neutrons and 
the neutron is converted into a proton :

P-n ■>n

and n + n
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Atomic and Nuclear Physics Conversely, when a n meson jumps from a neutron to a proton, the neutron is 
converted into a proton, and the proton is converted into a neutron.

n ~-n~
P-n~

Similarly, the forces between neutron-neutron and proton-proton pairs arise by the 
exchange of neutral Meson between them.

Since Mesons a re constantly running between the nucleus, i.e,, the nucleons are 
constantly emitting and absorbing Mesons, no change in the mass of the nucleons may 
be detected. Consequently, inspite of the fact that Mesons have a finite rest mass, this 
mass is not added to the mass of protons and neutrons. Moreover, the number of protons 
and neutrons. Moreover, the number of protons and neutrons remain the same in a 
particular structure.

Mass of 71-Meson

and ■^n

Let m be the mass of the 7i-meson. It will be equivalent to an energy
AE = mc^

where c is the speed of light.

If we asume that Meson travel between nucleons at a speed u « c and since nuclear 
forces have a maximum range

1.7 fm« 1.7x10"^^ m

time required for the meson to travel distance R
A, ^At ~ — » — 

u c

But from uncertainty reaction,

AE.At~-
271

{m.c ) — h
as-----

271^ C
h 1m « —.or
2:: RC

Substituting the known values
-34 :6.62x 10 j.secm =

2x3.14x (1.7x10'^® m)(3xl0^ m/sec.) 

= 2.1x10
» 230 X Mass of electron

-28 kg

• 5.9. PACKING FRACTION
The Biases of the atomic isotopes are all very close to whole numbers but are not 

exactly whole numbers. The difference between the actual atomic mass M of an isotope 
and its mass number Adivided by the mass number is defined as the packing fraction P 
of the isotope. Thus

M-AP =
A

The packing fraction may be negative, zero or positive. A nuclide with a negative 
packing fraction has an atomic mass M less than its mass number A Examples of this 
class are oxygen §0^® (m = 15.99891 a.m.u.), Argon i8 (m = 39.96238 a.m.u.), iron 
26Fe^® (771 = 55.93494 a.m.u.) etc. Nuclide with a zero packing fraction have the atomic 

mass Mequal to the mass number A An example of this class is (m = 12 a.m.u.). 
A nuclide which has a positive value of P has an atomic mass m greater than the mass
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number. Examples of this class are deuterium {m = 2.014 a.m.u.), Boron 
58^*^ (m = 10.013 a.m.u), Uranium 92U^^® {m = 238.051 a.m.u.)etc. Apositive value of 

packing fraction P, generally, implies a tendency towards instability.

Mass defect: The nucleus is formed by bringing protons and neutrons together. The 
mass of the nucleus so formed is less than the sum of the masses of the constituent 
protons and neutrons. The mass difference is called mass defect and is denoted by Am..

If Z is the number of protons in the nucleus, then the number of neutrons in the 
nucleus is (A - Z) {A is atomic mass). If rrip is the mass of the proton and m„ that of the 
neutron, then sum of the mass of the protons and neutrons 

= Zmp = {A-Z)

If is the actual mass of the nucleus, then defect 
Am = Znip +{A-Z) m„

Mass defect is, therefore, defined as the difference between the sum of the rest 
masses of the nucleons forming the nucleus and the actual rest mass of the nucleus.

For example, in the case of deuteron which contains one proton and one neutron, the 
combined mass is [1.0073 + 1.0087] = 2.0160 a.m.u., whereas the actual mass of 
deuteron nucleus is 2.0136 a.m.u.

Mass defect, Am = 2.0160 — 2.0136 = 0.0024 a.m.u.

Nuclear Physics

Binding energy : The mass of any permanently stable nucleus is found to be less 
than the sum of the masses of the neutrons and protons which it contains. The fact is 
accounted for by the conversion of a part of the mass energy of the particle into energy of 
binding, the relation between the change in mass and binding energy being given by 
Einstein's equation.

Binding energy = Eq = Amc

the total binding energ5dbr all atoms except the lighter atoms is given approximately 
by the empirical relation

Eb = 15.62 MeV

The binding energy of the nucleus with charge number Z and mass A is given by 
Eb =c^ [Znip +(A~Z)m„ -M^)

where is t he mass of the nucleus, nip the mass of the proton and m,i the mass of
the neutron.

The nuclear mass is, therefore, given by
Eb= Zm-p +{A-Z) m,i
c2

Eband atomic mass. M = + mg = ZrriQ + ZrUp + (A-Z)m^ ~
c2

Eb= ZMh +(A-Z)m„ -
c2

Ej3
where nig is the mass of the electron and Mjj the mass of hydrogen atom. The term —^

represents the mass equivalent of the total binding energy i.e., the energy which must 
be added to the nucleus in order to break it up into Z protons and (A - Z) neutrons.

Binding energy of a nucleus is, therefore, defined as the energy which must be 
supplied to the nucleus to break it into its constituent nucleons.

Binding Energy of Deuteron : Deuteron is the simplest nucleus containing more 
than one nucleon. It consists of a proton and a neutron. The mass of the deuteron- is less 
than the sum of the masses of proton and neutron. The energy equivalence of this mass
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Atomic and Nuclear Physics difference is the binding energy of the deuteron. Thus, if , nip and be 
respectively the masses of neutron, proton and deuteron, the binding energy of the 
deuteron would be

Eb =(^n +

In order to calculate the binding energy of the nucleus, we must use nuclear masseS; 
i.e., neutron mass, proton mass and the mass of the nuclide.

Substituting = 1.67 xlO”^^ kg, nip =1.672x 10“^^ kg, =3.343x 10“^^ kg 

and c = 3x 10® m / s in equation (i), we have

Eb =(l.e75 + 1.672-3.343)xl0"2^ kg(x(3x 10"®m/s)^
= 0.036x10"^^ Joule 

0.036X 10'^^

...(ii)

2.25 MeV
1.60x10"^®

Thus deutron has a binding energy of 2.25 MeV. Using more accurate values of 
masses, the binding energy is about 2.23 MeV.

Variation of Packing fraction with mass number : A graph between packing 
fraction P and mass number Ais shown in Fig. 11. The packing fraction for all isotopes, 
except He*^, and fall on a solid curve. The packing fractions P are positive 
(relative to C^^), passes through a flat minimum and then rises negative becoming 
positive again at about A = 180. This irregular variation of P with A show that the 
bigger isotopic masses are not obtained simply by adding smaller isotopic masses. For 
example, the mass ofO^® is not equal to four times mass ofHe^. Aston attributed these 
mass deficiencies to a conversion of mass into energy in the formation of the nucleus.
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Binding energy curve : The average binding energy is defined as binding energy 
per nucleon. It is the energy required to release a nucleon from the nucleus. From 
relation

Eb =c^(Zmp +(A~Z)m^

=^lZnip +(A-Z)ni„ -M^] 
'A A

It is given by
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A

2 23For a deuteron the average binding energy per nucleon = —^ = 1.11 MeV. Thus it is
2

a very loosely bound system. If we plot a graph between Eb i.e., binding energy per

nucleon and the nucleon number A, the curve obtained is as shown in Fig. 12. We shall 
now discuss the variations of average binding energy per nucleon with mass number 
and stability of the nucleus.
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Fig. 12.

The binding energy of a nucleus gives a quantitative measiare of its stability. 
Consider the nuclide 2He'^ which is made up oftwo protons and two neutrons for which 

the binding energy comes out to be 28.299 MeV. In other words, the enegy requires to 
break up a 2He'^ nucleus (a-particle) in its constituent nucleons, we must spend about 
28 MeV of energy. Thus the binding energy per nucleon for 2^0'^ nucleus is about 7 
MeV. Greater the binding energy, more stable is the nucleus.

Thus the nuclei of intermediate mass are the most stable. Since they have a greatest 
average binding energy per nucleon or we can say that greatest amount of energy is 
needed to break their nucleons. The (light) nuclei with A <20 are least stable. For 
example, the average binding energy per nucleon for the heavy hydrogen nucleus 
is only about 1 MeV. The subsidiary peaks occurring at He^, ,0^® (even-even 
nuclei) indicate that these nuclei are much more stable than their immediate 
neighbours.

Release of nuclear energy in fission and fusion : From the graph between 
binding energy per nucleon and mass number we find that the value of binding energy 
per nucleon is small, both for very Hght and very heavynuclei so that these substances 
are unstable. The nuclei of intermediate masses (mass numb3r 40 to 120) are the most 
stable and very high amount of energy has to be supplied to liberate each of their 
nucleons.

It, therefore, follows that when a heavy nucleus breaks up into lighter ones, the end 
products formed have higher value of binding energy thereby resulting in the liberation 
of energy. Similarly, when two very hght nuclei combine to form a heavy nucleus, the 
high bonding energy per nucleon of the latter again results in the liberation of energy.
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Atomic and Nuclear Physics • 5.10. ANGULAR MOMENTUM
Angular momentum of the nucleons :
1. Spin angular momentum : Each nucleon i.e., each proton and each neutron in 

the nucleus has an intrinsic angular momentum which may be pictured as being caused 
by particle's spinning motion about an axis through its centre of mass. This is known as 
spin angular momentum and its magnitude is given by

|S| VS(S+T)fi

where S = 1 / 2 is the spin angular momentum and its magnitude is given by | S' 1 - 
The magnetic spin quantum number is the component of S in a specified 

quantisation direction - that of the applied magnetic field usually taken as Z-axis. With
S=- +1 — corresponding to parallel and anti plignment with respect to 

2
and- ,ni„ = — 

2 ® 2
Z-axis.

2. Orbital angular momentum : In addition, each individual nucleon may be 
pictured as having an angular momentum associated with its orbital motion with in the 
nucleus. This is known as orbital angular momentum and its magnitude is given by

\l’\ = ^[T(r+T)h
where I is the orbital angular momentum quantum number having only integral values 
0. 1, 2, 3, ....

The orbital magnetic quantum number nii is the component of I in the specified 
quantisation direction - that of applied magnetic field usually taken as Z-axis. m/ can 
take {21 + 1) possible values such l,{l ~l), + .... + 1, 0,~1.... 1.

3. Total angular momentum; The total angular momentum j of a nucleon is the 
vector sum of its orbital and spin angular momenta

j ~ I' + S'

The magnitude of the total angular momentum of a nucleon is given by
I ; I = V ;0‘ + 1)

where jis the total angular momentum quantum number for both proton and neutron
which are Fermions, S = - and I is an integer. Hence j can take on the values 1/2, 3/2,

2
5/2, .... Le., j is always half integal.

The magnetic total angular momentum quantum number mj is the component of j in 
the specified quantisation direction, that of the applied magnetic field usually taken as 
the Z-axis. mj can take (2j + 1)possible values such as j, (j-l)... -O’-l), - j.

4. Total angular momentum of the nucleus : The total angular momentum of

the nucleus I for a particular nuclear state is the resultant of the individual total 
angular momenta of all the constituent nucleons in the nucleus. The magnitude of the 
total angular momentum of the nucleus is given by

where / is the total angular momentum quantum number for the nucleus. The value of 
I depends upon the type of interaction or coupling between the nucleons.

-^fhI, generally called nuclear spin, is an integral multiple oik — If A is even and an
271

odd half integral multiple oih then A is odd. If both Z and A are even, the value of /in 
the ground state is always zero. All odd-2 nuclei with odd number of protons and odd 
number of neutrons and hence even A have an integral spin. On the other hand, all odd
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even nuclei i.e., nulclei with odd number of protons and even number of neutrons or odd 
number of neutrons and even number protons and hence odd A half integral spin lying
between — and —.

Nuclear Physics

2 2

(b) Magnetic moment: The magnetic dipole moment associated with a spinning 
qH where nig is the rest mass of the electron.electron is

2mg

ehThe quantity is called Bohr magneton p 5 and has a value
2mg

= 5.79x 10"^ eV/T (or 9.27 X J/T)

The ratio of a nuclear magneton to a Bohr magneton
K 1nig

1836Pb rup

For all nuclei magnetic moment }i/ is given by
eh

^7 =g 2mp
where g-factor varies from nucleus to nucleus. The value of g for a proton = 2.792.

eh = 2.792P„H proton = 2.792
2mp

The value of ^ for a neutron = - 1.913
ehp neutron = - 1.913 = -1.913 Pn2m p

Having a positive charge, the magnetic field around a proton is parallel to the 
direction of its total angular momentum and hence its magnetic moment is positive. A 
negative magnetic moment of a neutron is a clear indication that the neutron is a 
complex particle containing negative and positive charges in equal amounts and that 
the negative charge is, on the average, farther from the axis of rotation.

As an example, consider the case of a deuteron. It is a nuclear particle composed of 
one proton and one neutron. Its known spin / = 1, i.e., the spins of the two nucleons are 
parallel. Since the two magnetic moments are oppositely directed the resultant 
magnetic moment should be 2.792 - 1.913 = 0.879 p„. Precision measurements show 
thatp^ =0.857 p„.

The difference is well outside the experimental error and has been explained by 
assuming that the grounnd state of deuteron is not a simple/ = Ostate.

The magnetic moment of odd-even and even-odd nuclei is due to the unpaired single 
nucleon. In general the magnetic moment of the nucleus is about one thousandth of the 
magnetic moment of the electron.

(c) Electric quadruple moment: It is found that nuclei do not have electric dipole 
moment but electric quadruple moments have been observed in a number of nuclei. The 
electric quadruple moment of a nuclear charge distribution, which is symmetric about 
the Z-axis is given by

1 f -r^)p(x, y, z) drQ = -e Jv
where p (x, y, z) is the charge density and + y^ + z^. Uniformly charged
ellipsoid of revolution defined by the equation.

2 2-t- y‘^ z^ = 1
a2 62
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The electric quadruple moment reduces toQ = — Z{b^ -a^)
5

Atomic and Nuclear Physics

where Zg is the total nuclear charge, 
a = b Prolate

Oblate
b b

Q = - ve
Q = 0 / Q = + ve

Fig. 13.

Evidently Q = 0 for a spherically symmetric charge distribution (a = 6). For a charge 
distribution stretched in the Z direction (b > 0) i.e., prolate spheroid Q is positive and Q 
is negative for an oblate (6 < a). Dimension of the quadruple moment is that of area. In 
nuclear physics arc is measured in barn. (1 barn = 10 m ). Quadruple moment is 
also measured in Fm and its value mostly lies in the range 10 m for ' Sb to 
8x 10“^® m^ for ^^®Lu while deuteron has a value Q = 2'.14 x 10“®^ m^.

I

Statistics : The quantum mechanical description of a system with a number of 
particles Hke the nucleus is given by either Bose-Einstein or Fermi-Dirac statistics.

Bose Einstein statistics : All particles with integral spin or zero obey 
Bose-Einstein (B.E.) statistics and are called bosons e.g., photon, 7i-meson and deuteron. 
All nuclei with even mass number A, obey B. E. statistics. The wave function of a 
system obeying Bose-Einstein statistics is symmetric. This means that the wave 
functions for such a system remain unaltered by the interchange of all the co-ordinates 
for any pair of identical particles. Thus, if xj/ ....; ... ... ) is the wave function
of a system of n identical particles obeying Bose-Einstein statistics and x^ stands for all 
the co-ordinates of the particles i, the new wave function resulting from interchange of 
t and 7 will be given by v;/(x^ ... x^ ...Xj ... x^ ). In other words

(Xj ...Xj...Xi ...Xn) = V (Xj ... x„).

fh']Fermi-Dirac statistics : All particles with half integral spin — obey Fermi-Dirac
^2,/

(F.D.) statistics and are called fermions e.g., electrons, protons and neutrons. All nuclei 
with odd mass number A F. D. statistics. All fermions obey Pauli’s exclusion principle. 
The wave function of a system obeying Fermi-Dirac statistics is anti-symmetric. This 
means that if all the co-ordinates of any pair of identical particles are interchanged in 
the wave function, the new system will be identical with the original except for a 
change of sign in the wave function. In other words

\\i (Xj ...X;...X( ...Xn) = M/ (x^ ...;xj...;xi ...x^).

Parity: The parity of a system refers to the behaviour of the wave function \|; under 
inversion of co-ordinates through the origin i.e., when x is replaced by -x, y by - y and z 
and -z.

If the change of sign of y, z does not change the sign of the wave function i.e.,

H/ (x, y,z) = \\i (-X. y - y, - 2)
then the wave function is said to have even or positive parity. If the change of sign of 
X, y, z changes the sign of the wave function i.e.,

v;/ (x, y, z) = -v|/ (-x. -y,-z)
then the wave function is said to have odd or negative parity.

In integral
where P = ± 1. Pcan be taken as a quantum number and the property defined by it is 
called the parity of the system

P = +l means positive or even parity

H/ (x, y,z)~P \\i (-X, -y, -2)
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Nuclear PhysicsP = ~l means negative or odd parity
In the case of hydrogen like atoms, it is found that parity is related to the orbital 

quantum number I and is given by
IP = (-l)

Hence, if I is even, \\j does not change sign, the parity is positive or even. If I is odd, \\f 
does change sign, the parity negative or odd. The intrinsitc parity of the proton, 
neutron, neutrino and p-meson is even whereas the intrinstic parity of Ti-meson is odd. 
The parity of a whole system is the product of the parities of individual particles.

A system having an even number of odd parity particles and any number of even 
parity particles will have even parity. A system with an odd number of odd parity 
particles and any number of even parity particles will have odd parity.

Parity is a purely quantum mechanical concept having no classical analogue. 
Nuclear states are characterised by a definite parity which may be different for 
different states of the same nucleus. In a nuclear reaction, parity remains conserved.

• TEST YOURSELF
1. Why do the protons of the nucleus not fly apart ?

2. Estimate approximate meson mass.

3. Calculate the bindng energy per nucleon for the deuteron.

• 5.11. POTENTAL ENERGY BARRIER AND THEORY OF a-DECAY
The nuclei of heavier atoms are unstable (radioactive) with respect to a or to p 

emission. This is because these nuclei are so large that the short-range nuclear forces 
holding the nucleons together are unable to counter-balance the electrostatic repulsion 
between the large number of protons in them. Hence these nuclei emit a-particle to 
increase their stability by reducing their size. Such an emission from the nuclei fits the 
proton-neutron picture of the nucleus because a-particle is a helium nucleus composed 

, of two protons and two neutrons.
An a-particle can be considered to be inside the radioactive nucleus before emission. 

Coulomb’s law does not hold good when the a-particle is inside the nucleus or very close
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Atomic and Nuclear Physics to it but is appplicable where the a-particle is outside the nucleus. For an a-particle of 
charge 2 e and a nucleus of charge Ze separated by a distance r (where r > a) the force is 
given by

(Ze)(2e) 2Ze^
F =

r.2

It is a long range force and is repulsiye in nature. Hence work will be done in 
bringing the a-particle closer to the nucleus, the potential energy of the system. The 
nucleus, the potential energy of the system = Work done

f 2Ze^ 2Ze^(T

F .dr = -Ur = -.(1)SO
•bo •CO

Thus potential energy of the system increases as r decreases so long as r > a. It is 
represented by the curve AB in Fig. 14. The potential energy becomes maximum at 
point B and is given by

2Ze'^
...(2)^max "

U
At distances less than ‘d {i.e., within the 

nucleus), short range strong nuclear forces 
come into play and the a-particle gets confined 
to the nucleus. These forces are attractive in ^ 
nature.

The region of negative potential energy is ^ 
called the potential well of depth Uq and 'a 
width ‘a’ while the region of positive potential J 
is called the potential energy barrier, the ^ q 
maximum potential energy U 
by height V of the curve in Fig. 14) is known as 
barrier height. The barrier height is greater 
for nuclei of higher atomic number (eqn. 2) and 
is double for an a-particle compared to a 
proton.

The potential barriers, which prevent the a-particle from entering the nucleus (from 
outside) also prevents the emission of these particles from the interior. Thus in order to 
escape from the nucleus, the a-particle must possess energy greater than the barrier 
height.

a
Bmax *

u H

I

Separation r(represntedmax

-Uo
Fig. 14.

• 5.12. GAMOWS TEORY OFa-DECAY AND GEIGER-NUTTEL LAW
The first successful explanation of the problem of penetration of the potential 

barrier was given by Gamow using the quantum mechanics. According to it, there is a 
finite probability that an a-particle can leak through a potential barrier even if its 
energy E is less than the potential barrier height V.

The Schroedinger equation for a-particle when it is at a distance r from the nucleus 
(r > o) can be written as

d^\^l 8n^m 

dt^ ^

Let v|/ = e® where s is a function of r, then
d^i _ ds 

— 0 ■

E- ...(1)- v|/ = 0
r

dr dr
d^s
dr^dr^ dr)
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= e
dr^ dr

Substituting this value in equation (3), we get
d^s (87T^mf„ 2Ze^^

E- = 0+
dr^ dr j r

Its approximate solution can be obtained by neglecting the first term. Then we have
2Ze2'

---- —- £,----I
Src^m 2Ze^

.dr,

' ds
.dr

= 0
r

^2
-Eor

2Ze2rfs _ ^ 2np 
dr h

where p = 2/n -E
\ r

If we integrate it between r = a and r = b, we get
2np>‘b

ds = ±

_ 2ft
o “ - ~r~h Ja

Since we are supposing the a-particle to be inside the nucleus, s^ (chance of finding 
the particle at r = 6) must be much less than s^ (chance of finding the particle at r = o). 
Therefore, positve sign must be considered in equation (4).

If we consider that a-particle is moving inside the nucleus backward and forward 
along a radius with velocity v, then’it will reach at r = o or its frequency.

dr
hJaJa

p.dr • ■■(2)Sb-sor

V per sec.
2a

When it escapes from the nucleus, it will arrive at r = 6. Then according to 
probabilistic interpretation of \\f

2
Chance of finding the particle at r = 6 _ V 5 
Chnce of finding the particle at r = o H^a

Therefore, number of times the a-particle escape in a second

. Va

u V 2, \
= (S6-S0)

2a 2a
Using equation (4), it gives

. 4jtf6 .XL P d’-N=-^ .e
2a

The average life of the a-particle inside the nucleus
471 f 6 J

1 2a . eT = —
N V

2EIf we put — mv = E, so that i; = 
2 m

47r f 6 j— f pdro ^T = 2a . — . e ^2E
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4ii r6 jAtomic and Nuclear Physics 2m j ...(3)= a .e
E

Since at r = 6, the potential energy becomes equal to the kinetic energy E, i.e.,
2Ze^ 2Ze^

E =
br

. 2Ze^ 
0 =--- —

B
^ 9 >2Ze^

2m ~E 2mE -1n JJ n Err

= ., 2mE — -In \r

2mE(-fb fbf P-dr= [
Ja Ja

dr-1n \r
^l/2‘^ 6 ^

Ja

To evaluate the integral, let us putr = bcos^ u and a = bcos^ uq

dr =- 2b cos u sin u du

f ^ o •
•'“0 &C0S u )

=-2h-j2rnE (1 -cos^ .sinu.du 
Juq

=-2b^2mE .sih^ u.du

=‘j2mE dr

nI/2fi r----
p.dr = y2mE -1 .(-26cosiisinu(iu)

Ja

Juq

•0 1 

■ 2
— (1 -cos^ 2u) du 

1 sin2u1^

--2by2mE
\

=-2b^2mE ~u—.-----
.2 2 2

= -2h^2mE ~-^uo+-^8in2uo

= b^l2mE [uq -sinuo cosuo] 
a = bcos^ Uq

Uq

Now since

2 ocos Uq = —
b

cosuoor

-1 aor Uq = cos

n b)and siniiQ =

Substituting these values ,we get

p,dr= b-y] 2mE cos ^-.p - I—■ 1-— ■ 
\b VPA bja

Substituting these values in equation (7), we get

a (4ii -1-----.b\l2mE cos \U\iUl b)2m h
-.(4)^ ^ E
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• f'.Nuclear PhysicsThis equation can be transformed into
logT = A-B\ogE Approximately

where A and Bare constants. This is known as Geiger-Nuttel law and shows that 
the emitters having lesser decay constant X * — emit (x-particles of greater energy. 

X

Equation (4) shows that the mean Ufe of radioactive atom between two successive
r 1"^disintegrations is inversely proportional to energy x cc — ,

E

* 5.13. EXPERIMENTAL INVESTIGATION OF3‘RAY ENERGY SPECTRA
The p-rays emitted from radioactive nuclei consist of electrons with varying high 

velocities (energies). Their energy variation can be studied by a |3-ray spectrometer. The 
radioactive material (p-ray source) is placed in vacuum upon a fine wire at S. The 
emitted electrons pass through fairly wide slits and are bent by means of a magnetic 
field B so that they are received by a Geiger Counter placed in a fixed position.

The magnetic field is directed towards perpendicular to the plane of paper. An 
electron emitted with a velocity v and entering the field Bperpendicularly, describes a 
circular path in the field. The magnetic force on the electron, evB, supphes the

centripetal force -
2niv , where r is the radius of the path. Thus,

r
2mvevB =

r
mvor r =
eB

The position of the counter is fixed. Thus, r is fixed. Therefore, for a given value ofB, 
only those electrons are recorded by the counter whose momentum is given by

p = mv = eBr
The magnetic field Bis varied and the number of electrons reaching the counter per 

unit time is obtained for different values of B. Since each value of B corresponds to a 
different value of P, the numbers of electrons corresponding to different momenta are 
obtained. The observed momenta P can^ be converted into corresponding kinetic 
energies K from relativistic formula V

K ^Jixfc^ + pV ,
where c is the speed of light. A curve between the relative number of electrons and the 
corresponding kinetic energy.

Characteristic Features of p-ray Energy Spectra : The P-rays emitted from a 
given nucleus are found to have a continuous energy distribution which extends from 
zero to a well defined maximum. This upper energy 

.limit is called the end-point energy and is ‘ 
characteristic of the nature of the p-emitter. An „ 
addition to the continuous spectrum (called the ;« 
primary spectrum), some substances emitting p « 
particles exhibit sharp lines at particular positions cL. 
superimposed upon the primary. The lines constitute ° 
the line spectra (also called the secondary spectrum) -o 
as shown in Fig. 15. The process of p-disintegration g 
differs from a-disintegration in two important g 
respects. Firstly the a-particles are already present ^ 
in the initial nucleus while the p-particles are not tS

A-*r—^ Line 
/ V\^<opectrum

Continuoue
spectrum

End-point
Energy

Energy
Fig. 15
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Atomic and Nuclear Physics present-in the initial nucleus and are created at the time of emission. Secondly, the 
energy spectrum of the P-particles is continuous, and not discrete as of a-particle.

Difficulties in Explaining Continuous Spectra : The explanation of the 
existence of continuous }3-ray spectrum presents the following probelms :

(i) When a nucleus emits a (i-particle, a neutron in the nucleus changes to a proton. 
Therefore, the atomic number (number of protons) increases by unity while the mass 
number (number of nucleons) remains unchanged. Hence the law of conservation of 
energy is violated.

(ii) (3-decay violates the law of conservation of linear momentum because net 
momenta of emitted electron and recoiling nucleus is not equal to zero as that of parent 
nucleus.

(iii) The p-particle (electron) has a spin value —. Hence nuclear spin must change by
2

— on the emission of a p-particle. But it is observed that the initial integral spin of the 
2
nuclei either remains the same or changes by an integer during ^decay. Thus ^decay 
violates the conservation of angular momentum.

Explanation of continuous spectrum : The Neutrino Postulate : In 1931, 
Pauli, proposed that in P-ray emission all nuclei of the same isotope, emit the same 
amount of energy (end point energy). This energy is shared in any proportion by the 
(3-particle and a companion particle, called neutrino which is emitted simultaneously 
alongwith the ^particle. Neutrino is assumed to be a fundamental particle having no
charge, zero rest mass and a spin —. Thus a neutrino in some respects is like a photon. A

2
(3-decay can thus be represented as follows ;

where v represents the neutrino. Thus the reaction for p-emission by a nucleus like 
83^1

iH' + .iP"" + v

210 can be written as

+ oP ^ + V

Later it was observed thatthere are two kinds of neutrino; the neutrino itself (v)and 
the antinetrino (v). In the process of P-decay, it is actually the antineutrino (v) that is 
emitted. Thus P-decay is represented by

> iH' + .iP"*

It removes the various difficulties in explaining |3-decay process in the following 
manner :

(i) Since antineutrino carries no charge, its emission maintains the conservation of 
charge in p-decay.

(ii) Linear momentum of antineutrino is such that the net momentum of electron, 
antineutrino and the residual nucleus is zero as that of parent nucleus. Thus the law of 
conservation of linear momentum is obeyed.

(iii) The antineutrino has a spin — like (3-decay particle. It leads to the law of
2

conservation of angular momentum.
(iv) The rest mass (and hence rest energy) of antineutrino is zero. Therefore, when 

antineutrino is emitted alongwith a (3-particle in p-decay, the process is accompanied by 
discrete P-disintegration energy Ep which is equivalent to the mass difference between 
the parent and daughter nuclei and is given by

= wiqc + K

21021083 Bi > 84P0

4- V

max
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where is the rest energy of electron andiiC 
the continuous P-particle spectrum. This energy .Ep is shared by (J-particle, the 
antineutrino and the recoil daughter nucleus in a continuous range of different ways. 
Thus antineutrino may take any amount of ^disintegration energy. Hence energy left 
at the disposal ofjJ-particle of all energies lying from zero to a certain maximum (end 
point energy) will be emitted.

Thus the neutrino hyothesis explains the continuous spectrum of ^particle energy.
Explanation of line spectrum in P-decay : It has been shown that the sharp line 

P-ray sectra are due to the electrons that have been ejected from the K, L, M and N 
shells of the atom by the process of internal conversion. On the contrary, continuous 
p-ray spectrum is that produced by the electrons that have been ejected from the nuclei 
of radioactive atoms.

A nucleus on a higher excited state may return to lower excited (or ground) state in 
two different ways:

(i) By emitting a y-ray photon of energy
hv = El - Ef

where Ei and Ef are respectively the energies of initial and final nuclear states.
(ii) By giving its surplus energy to one of its orbital electrons which is ejected from 

the atom with a kinetic energy

Nuclear Physicsis the end point (kinetic) energy inmax

E„ = (Ei-Ef)-W
where W is the binding energy of the ejected electron in its original orbit. This process is 
known as internal conversion and is a single step process in which the excited nucleus 
interacts directly with the orbital electrpn and transfers its excitation energy, to it.

Since there are a number of discrete nuclear energy states of a given radioactive 
substance, available excitation energy {Ei -Ef) and binding energy VThave discrete 
values of energy. Moreover, electrons in K, L, M, N ... orbits have different but discrete 
binding energies. Therefore, corresponding P-particle spectrum is a line spectrum with 
discrete energies.

• 5.14. NUCLEAR REACTION
When an elementary partcle is incident on a nucleus then a new nucleus is formed 

with one or more new particle. This phenomena is known as nuclear reaction.
The first nuclear reaction was produced by the Rutherford (1919). It is

2He'^
(a-particle)

-K iH
(Proton)

1-f- 8

It can also be written as
(a.p)

That is a nuclear reaction can be written as

X + a
where X is the initial nucleus, a is the incident particle, Y is the final nucleus and b is 
the final particle. It can be written as

X (a, b) Y
For every reaction the following quantities are conserved.
(i) Total change is conserved i.e., change before reaction is equal to change often 

reaction.
(ii) Number of nucleons are conserved.
(iii) Total energy of the particle is conserved.
(iv) Momentum, parity, etc. also conserved in the reaction.

17> gO

^Y + b

;i

1/vl

I
\
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Atomic and Nuclear Physics (v) The total relativistic energy (kinetic + rest mass energy) is conserved.

Compound Nucleus Hypothesis : The concept of formation of the compound 
nucleus (intermediate state) and the emission of nuclear particles was given by N. Bohr 
in 1936. This concept is helpful of low energy reactions. According to Bohr,

(i) The nuclear reactions take place in two stages.

(ii) The incident particle strikes the initial nucleus, they combine and form a new 
nucleus, known as compound nucleus.

(iii) The atomic and the mass number of the compound nucleus (incident particle + 
initial nucleus) are respectively the sum of the atomic numbers and the sum of mass 
numbers of incident particle and the target nucleus.

(iv) The energy carrying by the incident particle is transferred to the nucleus of the 
compound nucleus.

(v) The compound nucleus (excited) immediately breaks up. In this process a new 
nucleus is formed with the emission of new particle of y-photon.

(vi) The compound nucleus can be formed in different ways and can decay also 
through different chanmds.

(vii) The compound nucleus has an average life times of-the order of s which is
very large with the time s) required for a particle with an energy of several MeV
to pass through a nucleus.

• 5.15. NUCLEAR REACTION INDUCED BY a-PARTICLES
a-particle can produce (a, p), (a, n) reactions. Some examples of such reactions are 

as follows :
+ 2He4 ^

2He‘^ -> 15?^^ ->■ 

i4Be® + aHe** ^ ->

+ iH 

uSi^*^ + iHi

I-> qC
• (a, p) reaction

(a, n) reaction
1

Reactions induced by Protons : Proton can produce (p, a) (p, rt) (p. c/) (p, y) 
reactions. Some examples of such reactions are as follows :

4Be® + iH^ 3Li+aHe"*

+ iH^ loNe
^ (p, a) reaction 

420 .QlO + aHe-*]
gB^^ + —> (jG^2 + 0^^ CP>

4BeO ^ ^gio ^ ^

gLi*^ + > 460® —> 4Be® + y (p. y)

These reactions sometimes gives high energy.

Reactions' induced by neutrons : Neutron can produce (n, a), (n., p), (n, y) 
reactions. Some examples of such reactions are as follows :

gLi® + 0^^ ^ sLi^ iH^ +

^gii ^ gLi'^ + ^He^

yN^*^ + -> .yN^O ^

iH^ + 0^^ -> iH^ -> +y

A127 13A1

{n, a)

P) ■
-> i2Mg2^ +

• (^.Y)
4- 0^^ -> 13^^^ ■•'Y.
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These (n, Y)reactions are called radiative capture and the Q value for this reaction 
is positive.

Reactions induced by deuterons : Deuteron can produce {d, a), (d, p), {d, n) 
reactions. Some examples of such reactions are as follows :

o'® + iH^ 9F'® ^ 7N'^ + aHe"* (d, o)

6C'2 + jH2 ^ ^ eC'® + iH' (d, p)

+ iH^ -> 7N''‘ 7C'® + ore' (d, re)

Reaction induced by Photons: Nuclei can also be disintegrated by y-ray photons. 
But the energy of photon must be between 50-100 MeV. Example :

Y —> + 0^-^

+ y ^ igAl^e + o;i'

Nuclear ^Physics

8

• 5.16. Q-VALUES OF NUCLEAR REACTIONS
In the case of nuclear reactions the total energy (kinetic energy + rest mass energy) 

remains conserved.
Let us consider a general nuclear reaction 

X+a=Y+b
where A"is the tangent nucleus, a is the incident particle, Y is the product nucleus and b 
is the product particle.

-.(1)

my and be the rest masses of X, a, Y and b respectively, andLet mx, fn
Kq , Ky and be their kinetic energies respectively. Then according to law of

o ’

conservation of energy
{Kx +mxc^)-^{Ka +maC^) = {Ky +myC^) + {Kb +rrn,c^)

Since tangent nucleus X is at rest so Kx =0
mxc^ +{Ka + maC^) = {Ky ■\‘myc^) + {Kf^ + m^c^) 
{mx + ma)c^ -{my + m^)c^ =Ky -^Ki, -K^

...(2)

...(3)

"Ky -^Kij ~Ka" i-e., the difference between final energy (Ky +Ki,) and initial 
energy iiT^, is known as "Q-value" or "Energy balance" of the reaction.

Put in equation. (2)
Q =(mx + rria -My

Thus, the Q-value may be determined by measuring the energies or the masses. If Q 
is positive i.e., Q > Othen the nuclear reaction is known as "exothermic" or "exoergic". 
This means that rest mass energy of product particles is less than that of initial 
particles. This extra rest mass energy of initial particles is converted into the kinetic 
energy of the product particles and hence the finite energy of the product particles 
exceeds the kinetc energy of the initial particles.

If Q is negative i.e., Q <0 then the nuclear reaction is known as "endothermic" or 
"endoergic". In this case the extra rest mass energy of the product particles decreases.

...(4)

• 5.17. ATOMIC MASS UNIT (UNITED ATOMIC MASS UNIT)
Atomic masses refer to the masses of neutral atoms. Being too small, the masses of 

atoms, nuclei and fundamental particles (electron, proton, neutron etc.) are expressed 
in ‘unit atomic mass unit’ (abbreviations). 1 u is defined as one-twelfth the mass of one 

atom. Thus, by definition, the mass of atom (not nucleus) is exactly 12.00000
.....u. The masses of other atoms are determined by measuring the positions of lines
they produce in a mass spectrograph relative to that of
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Let us find out the value of unified atomic mass units in kilogram. 1 gram-atom of 
has N (Avogadrb's number) atoms and a mass of 12 gram. Thus the mass of one

atom of 6^^^ is — gram. By definition

Atomic and Nuclear Physics

N

— (mass of one atom)
2

lu =

1 (12— gram
i2{N
1= — gram
N

iV = 6.0221x10^®Now,
11 u =

6.0221 X 10^^

= 1.605x10-24 g
Iw = 1.6605x10"^'^ kgor

Now we will calculate the energy in terms 1 u.

According to Einstein, the energy equivalent of mass Am is given by
AE^(Am)C^

where Cis velocity of light. Since 1 u = 1.6605x 10“^^ kg and C = 2.9979 x 10^ ms~^ the 
energy equivalent of 1 u is given by

A£ = (1.6605x kg)(2.9979x10® ms“^)^

= 1.49924x10"^° J

Now 1 MeV = 16.022 X 10"^® J

1.4924 xl0"^° J
AE =

1.6022 X 10"^® J/MeV

= 931.5 MeV
1 u = 931.5 MeV 

luxC^ =931.5 MeV
Thus
or

• 5.18. LIQUID-DROP MODEL
The liquid-drop model of nucleus was proposed by Bohr. This model is used to 

explain the various properties of nucleus.

According to this model nucleus is like a spherical liquid-drop in which nucleons are 
held together by the attractive forces which act between the nearest nucleons. The 
following similarities are found between the nucleus and liquid-drop ;

1. The shape of the liquid-drop is spherical due to the surface tension forces which 
act between the molecules. In a similar way the shape of nucleus is spherical due to the 
force which act between the nucleons.

2. The shapes of liquid-drop and nucleus are independent of their densities.

3. In a liquid drop the molecule are interacted by their nearest molecule. In a similar 
way, the nucleons in nucleus are interacted by their nearest nucleons i.e., they have the 
nature of saturation.

4. When energy is supplied to liquid drop i.e., temperature is increased then it 
breaks into two or smaller drops. Similarly when energy is given to a nucleus then 
nucleons inside it began to oscillate about their mean position and finally the splitting 
of nucleus takes place.
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Nuclear Physics5. The stability of liquid-drop is due to the surface tension force and stability of 
nucleus is due to the potential barrier which exist on the surface of nucleus.

6. When heat or energy is given to liquid then the evaporation of moleculs starts 
from its surface. In a similar way, when a highly energetic nucleon is incident on 
nucleus, then it is captured by it and further the emission of large nucleons starts.

The force which act between n ~n, n ~ p and p- p are responsible to bind these 
nucleons. These forces are known as binding forces and the energy released to bind 
these nucleons is known as B. E. This energy is responsible for the stablity of the 
nucleus and it depends upon the following factors :

Volume Energy : (Ei,): The binding energy of the nucleus depends upon the 
volume of the nucleus. Higher the volume of nucleus higher will be the number of 
nucleons and hence higher will be their binding energy. Thus, binding energy depends 
upon the volume of nucleus and it is denoted by Ey.

Ey cc — nR^

R X A

Ey <X— -KA
"" 3

1/3and

where Oj is constant.
Surface Energy (Eg): B. E. of nucleus depends upon the surface area of the 

nucleus. As in a liquid drop the molecules of the surface are less interacted than the 
interior molecule. In a similar way the nucleons of the surface are least interacted than 
the interior nucleons. These nucleons of surface decrease the binding energy of nucleus 
and the energy arises due to these nucleons is known as surface energy and denoted by

Ey « aiA

Es-

Eg oc 47ii?^

Eg ccAn{A^^)^

2/3 where 02 is constant.

Electrostatic Energy (E^) : In a nucleus the overall effect of the forces acting in 
the nucleons is of repulsion between each pair of protons in the nucleus decrease its 
binding energy and this , energy is proportional to the number of proton pairs and 
inversely proportional to the A .

Ec «

Eg = — 02 A

z{z-l) ^1/3
2!
z(z-l)
2\A^^Ec - - 03 " where 0313 constant.

Total binding energy
E - Ey + Eg + Ey 

E = 01A-02A ziz-l)2/3 -03
2\A^^

This is the total binding energy of a nucleus.
Average binding energy per nucleon

E A— — — 02 A z^A-1/3 -4/3-03
A 2!

On the basis of liquid-drop model many other phenomenon like fission, fusion and 
nuclear reactions can be explained. When energy is given to a liquid-drop i.e., it is 
heated the evaporation of molecules takes place. In a similar way when a highly
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Atomic and Nuclear Physics energetic particle is incident on a nucleus then it is captured by it and it emit nucleons 
immediately, Thus the emission of nucleons from nucleus is similar to the evaporation 
of molecules from a liquid-drop.

This model also explains the nuclear fission in which a heavy nucleus splits into two 
or more lighter nuclei. In the same way as Uquid drop breaks into two or more smaller 
drops.

Lmitations : This model fails to explain the nuclear reactions of very high energies 
and the properties of excited states of nuclei. It also fails to explain the sns and 
magnetic moments of nuclei.

• 5.19. SEMI'EMPIRICAL MASS FORMULA
z(z-l)2/3As in the previous question E = ai A-02 A -03
2\A^^

This is known as semi-empirical energy formula.

It can be written also in terms of mass and then it is known as semi-empirical mass 
formula.

A nucleus contains z protons and (A - Z) neutrons and its mass is equal to the sum of 
the masses of all these protons and neutrons minus the mass-equivalent of the binding 
energy E. Thus, if nip represents the mass of proton and that of a neutron, then the 
energy of the nucleus is given by

^ = (zirip + nnifi )c^ - Total binding energyme
Em = zmp + -
c2

This is called semi-empirical mass formula.

E -aiA-a2A 2(2-1)2/3where -03

This is called semi-empirical because the constants ai,.a2 and 03 are obtained 
empirically (arbitrary). Ths formula is important because it determines accurately the 
masses of different in terms of the constants aj, 02 and .

• 5.20. MAGIC NUMBERS AND SHELL MODEL
We known that electrons are filled in the increasing order of their energy in the 

different ‘sub-shells’ of the atoms. It is found that atoms having 2,10,18, 36, 54 and 86 
electrons in their completely filled shells are most stable and chemically inert. They 
have very high binding energies.

A similar phenomenon was also obtained in the nuclei. Nuclei having 2,8, 20, 28, 
50, 82 and 126 protons are more stable than the other nuclei. These numbers 
are called "magic numbers" and these nuclei are known as magic number 
nuclei in which 'n' and ‘2’ both are magic numbers are said to be doubly magic. They are 
more stable than the nuclei which are singly magic. For example

1. 2H®'* (P = 2,71 = 2) and (p = 8, n = 8) are more stable than their
neighbouring nuclei.

2., asNi^^P = 8.71 = 34), ggSr^^ (p = 38,71 = 50), (p = 50. ti = %),
{z = 58,71 = 82) and 82Pb^®® (p = 82,71 = 126) are more stable.

3. The binding energy per nucleon of the magic number nuclei is very high.

4. The electric quadrupole moments of magic number nuclei are nearly zero and thus 
the shape of these nuclei are almost spherical. This is the sign of stability.

14058^6
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Explanation of magic numbers : The shell model explans existence of magic 
numbers and other nuclear properties like angular momenta, stability, spins etc. of the 
nuclei.

The shell model assumes that' LS’coupling holds only for the very light nuclei. Total 
spin momentum 'S' and total orbital angular momentum 'L' are coupled to form a total

angular momentum of magnitude —+ 1) and this gives the j~ y coupling. The
271

spin-orbit interaction splits each state of gven' J into (2j + 1) substates. Since there are 
{2j-¥ 1) allowed states so, large energy gaps will appear at the definite intervals. The 
number of available states in each nuclear shell is in ascending order of energy 2, 6,12, 
8, 22, 32 and 44. Hence shells are filled when there are 2, 8, 20, 28, 50, 82 and 126 
neutrons or protons in a nucleus. This is why these numbers are highly stable and 
known as magic numbers. This is the explanation of magic number.

Explanation of the angular momentum of nuclei: The shell model can explain 
angular momenta. In the case of even-even nuclei all the sublevels are completed. This 
means that all the sublevels have protons and neutrons in the pair form and they have 
opposite spins. Thus, the angular momentum produced by one nucleon is exactly 
cancelled by the another nucleon, so the total angular momentum is zero for such 
nuclei. In the case of odd-odd nuclei each have an extra proton and an extra neutron. 
Each of these particels has an half integral spin and hence they give an integral total 
angular momentum and this is experimentally observed. Similarly in the case of 
even-odd or odd-even nuclei a definite integral total angular momentum is obtained 
and this is also experimentally confirmed. This is the explanation of angular momenta 
of nuclei.

Explanation of the stabilities of some definite nuclei : It is found that 
even^even nuclei are more stable than odd-odd nuclei. This can also be explained from 
the shell model. Since in an atom a single sub-level can have maximum of 2 nucleons 
(from Pauli's principle). One nucleon has spin up and other has spin down. Thus in 
even-even nucleous only completed sub-levels are present and this is the sign of higher 
stability. On the other hand in the case of odd-odd nucleus only incomplete sub-levels 
for both kinds of nucleons are present and this is sign of lesser stability.

Significance of Magic number : Significance of magic numbers is that the 
corresponding numbers of protons and/or neutrons gives a high stability to the nucleus 
and these numbers led to the development to the shell model of nuclei.

Limitations of the shell models: The shell model gives a satisfactory explanation 
of the ground state and an excited state of the nuclei. On the basis of this model a 
scheme of nucleons in a nucleons can be made similar to the atomic models but it could 
not explain the following facts :

1. The quadrupole moments of the ground state nuclei in the region 150 < A> 190 
and A > 220 have a large deviation from the theoretical value.

2. It is found that odd neutron nuclei also have similar quadrupole moment as odd 
proton.

3. The four stable nuclei iH^, 3Li®, 58^® and were not explained by this
model.

Nuclear Physics

• 5.21. NUCLEAR FISSION
This phenomenon of nuclear fission was observed by 0. Hahn and Strassman in 

is bombarded by slow moving neutron and it is splitted up to 
with the emission of neutrons and a huge amount of energy and

2351939. When 92U
144 89and 36 Kr56

Y-radiation.
235 + 0^^ 56^® 144 seKr + 3( 0 ^ ^+ 200 MeV -f- y - radation92U +
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Atomic and Nuclear Physics Hence, the splitting of a heavy nucleus after capturing the neutron into two or more 
lighter nuclei with the emission of neutron, energy and y-radiation is known are nuclear 
fission. The product so obtained are known as fission fragments.

235It is a chain reaction which goes until whole of the mass is fissioned (g2U 
a chain reaction since the number of forming neutron are greater than the number of 
used neutrons. In this a huge amount of energy is liberated due to mass defect. This 
reaction can be controlled by controlling the speed of neutron and the speed of the

). This is

neutron can be controlled by using heavy water or graphite.
tt23692

92U235 1
56Ba‘«

+ 0*^ 1
8936Kr

Fig. 16.

23592U is most preferable, since maximum amount of energy is liberated in it.

in the ratio of 145 :1. 
can fissioned by slow as well

235 238The natural Uranium contain two isotopes 92 U
tt238 

92'-'
as fast moving neutron. This can be explained as follows :

Explanation of nuclear fission : The phenomenon of nuclear fission can be 
explained by Bohr and Wheeler on the basis of liquid-drop model:

and 92U
235can only be fissioned by fast neutron while 92U

According to liquid drop model, the shape of nucleus is spherical like a liquid-drop. 
The nucleus contains neutrons and protons are known as nucleons. In the nucleus, 
neutron-neutron and neutron-proton attract of each other while proton-proton repel to 
each other. Thus overall effect is of attraction between the nucleons. This creates a 
tension on the surface of nucleus (surface tension forces) and the shape of the nucleus 
becomes spherical like a liquid-drop.

+

(d)(b) (c)
Fig. 17.

When a neutron is incident it has two type of energies. Binding energy and Kinetic 
energy.

The sum of these two energies is known as activation energy. The minimum energy 
requires to fission the nucleus is known as activation energy.

When a neutron is incident on the nucleus then it is completely absorbed by the 
nucleus. The incident neutron transfers its all energy to the nucleons. After absorbing 
the energy nucleons of the nucleus began to oscillate about their mean position and 
shape of nucleus becomes ellipitical in this position two forces act on the nucleus.

The first is surface tension force and other is activation energy. If surface tension 
force is greater than the activation energy then the nucleus return to its sherical shape 
and the excess energy comes out in the form of y-radiation. If the activation energy is 
greater than the surface tension force the^n the shape of nucleus will distort still further 
and becomes dumbell-shape. In this position the repulsive forces between two parts of 
dumbell began to act and finally splitting takes place. Each splitted part is spherical in 
shape. Thus there is a Threshold activation energy, required to split a heavy 
nucleus into lighter nuclei.

A OR

It is found that to obtain the phenomenon of fission the energy required for 92 U is 

6.4 MeV while for it is 6.6 MeV.
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This means that for the fission of the energy supplied by the incident
neutron (K. E. + B. E.) must be 6.4 MeV and for it must be 6.6 MeV.

In the case of 92U , the binding energy released by the captured neutron is 6.8
MeV, which is greater than the required 6.4 MeV. Hence fission would occur even if the 
kinetic energy of the incident neutron is near zero. That is why neutrons which has very 
low kinetic energy cause fission.

In the case of 92 U
MeV, which is very less than the required 6.6 MeV. Therefore, the incident neutron 
must have a kinetic energy of atleast 1.1 MeV for fission. That is why 
fissioned by fast neutrons having at least energy 1.1 MeV.

Nuclear Physics

238 the binding energy released by the captured neutron is 5.5

23892U can be

• 5.22. NUCLEAR FUSION
When two or more lighter nuclei moving with very high speed are fused together. 

Then they form a single nucleus with the emission of neutron and a huge amount of 
energy.

For example : When deuteron jH and triton are fused then they form a heavy
nucleus with the emission of neutron and energy.

2He^ + 0^^ + 17.6 MeV

This process is known as nuclear fusion. In this process both the nuclei are positively 
charged. So they repel to each other very strongly so to fuse them very high amount of 
energy is needed. The so much amount of energy is not available on the earth, it is only 
available on the sun and stars. On the earth the energy is produced by exploiding a 
nuclear fission bomb. The emitted energy is used to fuse these nuclei. This is why the 
fusion process takes place at abnormal condition i.e., at high temperature and high 
pressure. In its the energy emitted is about 200 times greater of nuclear fission. The 
reaction cannot be controlled since it takes place at abnormal condition. The reaction of 
nuclear fission are known as thermal nuclear reactions and energy liberated and 
energy liberated are known as thermo nuclear energy.

, Difference between Nuclear fission and Nuclear fusion : Nuclear fission and 
fusion are opposite in nature but they give a common result. They are the best source of 
energy.

Nuclear Fission Nuclear Fusion

In this a heavy nucleus splits into two or I 1. 
more lighter nuclei.

In this two or more lighter nuclei are joined 
and form a heavy nucleus.

1.

2. High amount of energy is liberated. 2. Energy liberated is about 200 times greater 
than the fission.

3. It is a controlled reaction. It is uncontrolled reaction.3.

It takes place at normal conditions. It takes place at abnormal conditions i.e., 
high temperature and high pressure.

4. 4.

Example: Hydrogen bomb.Example: Atom bomb.5. 5.

• EXERCISE
1. Describe an ionization chamber and explain its working.
2. Describe a proportional counter and explain its working.
3. Explain G. M. counter and explain its working.
4. What are scintillations ? Give the construction and working of scintillation counter.
5. Describe the structure of a nucleus. Why electrons cannot be the constituents of 

nucleus ?
6. What are nuclear forces ? How are they different from electronic and gravitational 

forces ?
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7. Describe briefly Yukawa's meson theory of nuclear forces.
8. Explain the terms packing fraction, mass defect and binding energy of a nucleus.
9. What is potential energy barrier and give the theory of a-decay ?
10. Explain Gamow's theory of a-decay. How is Geiger-Nuttal law derived from it ?
11. Give a brief account of Fermi theory of P-decay.
12. What is Q-value of a nuclear reaction ? How can it be determined ?
13. State the fundamental assumptions of liquid-drop model of the nucleus. How can 

this model explain ?
14. What are magic numbers ? How does the shell model explain the magic numbers and 

the total nuclear angular momenta ?
15. What is nuclear fission ? Explain it on the basis of Bohr-Wheeler theory using liquid 

drop model.
16. What is nuclear fusion ? Give an example of nuclear fusion in nature. What is the 

difference between nuclear fission and nuclear fusion ?
17. The count rate of a Geiger-MuUer counter for the radiation of a-radioactive material 

of half life of 30 minutes decreases of 5 s"^ after 2 hours. The initial count rate was:
(b) 25 s 
(d) 625 s"^

Atomic and Nuclear Physics

-1-1(a) 20 s 
(c)80s“^

18. Geiger-Muller counter detects : 
(a) photons .
(c) a-particles

(b) neutrons 
(d) all the above

19. In a scintillation coimter, the magnitude of the output pulse from the photo
multiplier: .

(a) remains constant
(b) increases with increase of energy of incident particle
(c) decreases with increase of energy of incident particle
(d) first increase and then becomes constant

20. A particle accelerator is a machine to increase the kinetic energy of:
(a) electrically charged particles
(b) uncharged particles
(c) both charged and uncharged particles
(d) neutrons only

21. The reactions taking place in solar and stellar atmosphere are :
(b) Ionic 
(d) Fission

(a) Thermonuclear 
(c) Covalent

22. According to Yukawa theory, the nuclear forces between the nucleons act through 
the exchange of:

(b) p-meson 
(d) Ti-meson

(a) Positron 
(c) if-meson

23. A neutrino is emitted in : 
, (a) a-decay

(c) y-decay
24. A neutrino has :

V
(b) p-decay 
(d) all the above

(a) zero rest mass and spin

(b) zero rest mass and spin 1
(c) same mass as electron and spin —

(d) negative rest mass and spin —
2

25. If R is range of a-particles and X-decay constant, then Geiger-Nuttal law is : 
(a) logk + a +J? (b) X = 0 + logi?
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(c) log A. = a
26. In the process of fission the binding energy per nucleon :

(a) increases
(b) decreases
(c) remains constant
(d) increases for mass number .A < 56 nuclei but decreases for mass number A > 46 
nuclei.

Nuclear Physics(d) log A. = a + blogR

27. In the process of fusion, the binding energy per nucleon : 
(a) increases 
(c) remains unchanged

(b) decreases 
(d) energy is absorbed 

28. The volume of nucleus is smaller than that of atom by a factor of:
(b)10^

(d) 10^2
(a) 10 
(c) 10^®

M-A29. If M is the atomic mass and A is mass number then is called;
M

(a) packing fraction 
(c) mass defect

30. The average binding energy of a nucleus is : 
(a) 8 eV 
(c) 8 MeV

31. The size of the nucleus is of the order of:

(b) binding energy 
(d) Fermi energy

(b) 8 KeV 
(d) 8 BeV

(b) m 
(d) 10‘2^ m

(a) 10“** m 
(c) 10“^^ m

32. The density of nucleus is of the order of: 
(a) 10^'^ kg/m^

(c)10^^ kg/m^

(b) 10^^ kg/m^

(d)103 kg/m^

33. The binding energy of a nucleus is a measure of its :
(b) mass 
(d) momentum

34. The binding energy curve per nucleon as a function of atomic mass number shows a 
sharp peak for hehum nucleus. This implies that helium :
(a) can easily be broken up
(b) is very stable
(c) can be used as fissionable material
(d) is radioactive

35. If reach fission of releases 200 MeV, how many fissions must occur per
second to produce a power of 1 kW :
(a) 3.125x10^3
(d) 3.125x10^5

36. Which of the following statements is true for nuclear forces :
(a) They obey the inverse square law of distance
(b) They obey the inverse third power law of distance ,
(c) They are short range forces
(d) They are equal in strength to the electromagnetic forces

37. The stable nucleus that has a radius half that of Fe®® is :
(b)Na2^ (c)S^® (d)Ca^5

r A^!1= h.
^2

(a) stability 
(c) charge

(b) 3.125x10^'^ 
(d) 3.125x10^5

(a)Li^
\l/3ir^

2U6;[Hint. => —

8
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38. The nuclear radius of is 3 Fermi, than that of •
(b) 13 Fermi 
(d) 7 Ferm

nucleus releases energy in fission :
Cb) 26 MeV 
(d)931MeV

Atomic and Nuclear Physics
(a) 1.3 Fermi 
(c) 0.7 Fermi

Tt235 
92^
(a) 3.4 MeV
(c) 200 MeV

39.

Answers
20. (c)
27. (a)
34. (b)

22. (d)
29. (a)
36. (c) ' '37. (a)

23. (b) 
30. (b)

18. (c) 
25. (d) 
32. (b) 
39. (c).

19. (b) 
26. (a) 
33. (a)

21. (a) 
28. (d) 
35. (a)

17. (c) 
24. (a) 
31. (c) 
38. (d)

128 Self-Instructional Material

i


