Nuclear Physics s —

NUCLEAR PHYSICS

It is the branch of physics which deals with the study of nucleus.

(@)
(b)

(c)

(d)

(e)

NUCLEUS:

Discoverer : Rutherford
Constituents : neutrons (n) and protons (p) [collectively known as nucleons]
1. Neutron : Itis a neutral particle. It was discovered by J. Chadwick.
Mass of neutron, mn = 1.6749286 x 10-27 kg.
2. Proton : It has a charge equal to +e. It was discovered by Goldstein.
Mass of proton, mp = 1.6726231 x 10?7 kg
m, < m,
Representation :
zXA  or ? X
where X = symbol of the atom
Z = Atomic number = number of protons
A = Atomic mass number = total number of nucleons.
= no. of protons + no. of neutrons.
Atomic mass number :
It is the nearest integer value of mass represented in a.m.u. (atomic mass unit).
1

1a.m.u. = 12 [mass of one atom of C*2 atom at rest and in ground state]
= 1.6603 x 102" kg ; 931.478 MeV/c?
mass of proton (mp) = mass of neutron (mn) =1 a.m.u.

Some definitions :
(1) Isotopes : The nuclei having the same number of protons but different number of neutrons are
called isotopes.
(2) Isotones : Nuclei with the same neutron number N but different atomic number Z are called
isotones.
(3) Isobars : The nuclei with the same mass number but different atomic number are called isobars.
Size of nucleus : Order of 10-15 m (fermi)
Radius of nucleus ; R = RoAl3
where Ro=1.1 x 10~ m (which is an empirical constant)
A = Atomic mass number of atom.
Am,, Amg am
mass 4 o3 4 r(RoA3 ) L
Density : density = Volume ~ 3 =3 = 4nRp

3x1.67x107%
= 4x314x(1x107) L 5017 g

Nuclei of almost all atoms have almost same density as nuclear density is independent of the mass
number (A) and atomic number (Z).
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— Solved Examples

Example 1. Calculate the radius of 7°Ge.
Solution : We have,

R = Ro A3 = (1.1 fm) (70)¥3
= (1.1 fm) (4.12) = 4.53 fm.

Example 2. Calculate the electric potential energy of interaction due to the electric repulsion between two
nuclei of 12C when they ‘touch’ each other at the surface

Solution : The radius of a 12C nucleus is
R = Ro A3

N

= (1.1 fm) (12)8 = 2.52 fm.
The separation between the centres of the nuclei is 2R = 5.04 fm. The potential energy of the

pair is
9419z
U = 4megr

(6x1.6x1019C)?
= (9 x 10° N-m2/C?) 5.04x10"°m
= 1.64 x 10712 J = 10.2 MeV.

MASS DEFECT

It has been observed that there is a difference between expected mass and actual mass of a nucleus.
Mesxpected = Z Mp + (A — Z)Mn
Mobserved = Matom — ZMe

It is found that
Mobserved < Mexpected

Hence, mass defect is defined as

Mass defect = Mexpected — Mobserved

Am = [Zmp + (A — Z)mn] — [Matom — Zme]

BINDING ENERGY

It is the minimum energy required to break the nucleus into its constituent particles.

or
Amount of energy released during the formation of nucleus by its constituent particles and bringing them
from infinite separation.
Binding Energy (B.E.) = Amc?

BE = Am (in amu) x 931 MeV/amu

= Am x 931 MeV
Note : If binding energy per nucleon is more for a nucleus then it is more stable.
For example

ke
—_— > —_—
If A Az

then nucleus 1 would be more stable.
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— Solved Examples

Example 3.

Solution :

Example 4.

Solution :

Example 5.

Solution :

Example 6.

Solution :

Example 7.

Solution :

Following data is available about 3 nuclei P, Q & R. Arrange them in decreasing order of stability

P Q R
Atomic mass number (A) 10 5 6
Binding Energy (MeV) 100 60 66
[%J _100
A 10 _ 10
%
A
(B_} _ @
A 6 _ 11
Stability orderis Q > R > P.
foNe foNe ToNe i 9
The three stable isotopes of neon: , and have respective abundances of 90.51%

0.27% and 9.22% . The atomic masses of three isotopes are 19.99 u, 20.99 u and 22.00 u
respectively. Obtain the average atomic mass of neon.
90.51x19.99 +0.27 x 20.99+9.22x 22

m = 100 =20.18 u

A nuclear reaction is given as
A+B—-C+D

Binding energies of A, B, C and D are given as
B1, B2, Bs and Ba

Find the energy released in the reaction

(Bs + B4) — (B1 + B2)

Calculate the binding energy of an alpha particle from the following data:

mass of 1H atom =1.007826 u

mass of neutron =1.008665 u
*He

mass of 2 atom =4.00260 u

Take 1 u = 931 MeV/c2.

The alpha particle contains 2 protons and 2 neutrons. The binding energy is
B =(2x 1.007826 u + 2 x 1.008665 u — 4.00260 u)c?> = (0.03038 u)c?
= 0.03038 x 931 MeV = 28.3 MeV.

e

Find the binding energy of 2‘5Fe . Atomic mass of is 55.9349 u and that of H is 1.00783 u.

Mass of neutron = 1.00867 u.

The number of protons in 25Fe = 26 and the number of neutrons = 56 — 26 = 30.

The binding energy of 25Fe

= [26 x 1.00783 u + 30 x 1.00867 u — 55.9349 u] c2
= (0.52878 u)c?
= (0.52878 u) (931 MeV/u) = 492 MeV.
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L

3.1

Variation of binding energy per nucleon with mass number : BE
The binding energy per nucleon first increases on an average and reaches a 5.8 MaV I---
maximum of about 8.8 MeV for A = 56. For still heavier nuclei, the binding /'_\
energy per nucleon slowly decreases as A increases. Binding energy per

nucleon is maximum for 26Fe®%¢, which is equal to 8.8 MeV. Binding energy : >

per nucleon is more for medium nuclei than for heavy nuclei. Hence, medium
nuclei are highly stable.

The heavier nuclei being unstable have tendency to split into medium nuclei. This process is called
Fission.

The Lighter nuclei being unstable have tendency to fuse into a medium nucleus. This process is called

Fusion.

RADIOACTIVITY :

It was discovered by Henry Becquerel.
Spontaneous emission of radiations (a, B, y) from unstable nucleus is called radioactivity. Substances
which shows radioactivity are known as radioactive substance.
Radioactivity was studied in detail by Rutherford.
In radioactive decay, an unstable nucleus emits «a particle or B particle. After emission of a or B the
remaining nucleus may emit y-particle, and converts into more stable nucleus.
a-particle :
It is a doubly charged helium nucleus. It contains two protons and two neutrons.
Mass of a-particle = Mass of 2He* atom — 2me = 4 mp
Charge of a-particle =+ 2 e
B-particle :
(8) B~ (electron): Mass =me; Charge =-e
(b) B* (positron) : Mass = me ;Charge = +e
positron is an antiparticle of electron.

Antiparticle :

A particle is called antiparticle of other if on collision both can annihilate (destroy completely) and converts
into energy. For example : (i) electron ( — e, me) and positron (+ e, me) are anti particles.
(ii) neutrino (v) and antineutrino (V) are anti particles.

y-particle : They are energetic photons of energy of the order of Mev and having rest mass zero.

RADIOACTIVE DECAY (DISPLACEMENT LAW) :
a-decay : XA —— za2YA4+2Het +Q

Q value : It is defined as energy released during the decay process.

Q value =rest mass energy of reactants — rest mass energy of products.

This energy is available in the form of increase in K.E. of the products.

Let, Mx = mass of atom zXA
My = mass of atom z-2YA-4 —>® + He'+Q
Mhe = mass of atom 2He* . k _

Q value = [(Mx — Zme) — {(My — (Z — 2) me) + (Mre — 2me)}|c? Z-electrons Z-electrons (it hag-':phaarilgc;e+ 2e)
= [Mx— My— MHe] c?

Considering actual number of electrons in a-decay

Q value = [Mx — (My + 2me) — (Mre — 2me)]c?
= [Mx— My — MHe] c?
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5.2

Calculation of kinetic energy of final products :
As atom X was initially at rest and no external forces are acting, so final momentum also has to be zero.
Hence both Y and a-particle will have same momentum in magnitude but in opposite direction.

p p
© O
Po? = pv? 2m,Tq = 2myTy (Here we are representing T for kinetic energy)
Q = Ty + T(X maTa =mvyTy
My Q LQ

T, = Mo +My T, = Mg +My

A-4 4
T.= A Q ; Tv=AQ
From the above calculation, one can see that all the a-particles emitted should have same kinetic energy.

Hence, if they are passed through a region of uniform magnetic field having direction perpendicular to

velocity, they should move in a circle of same radius.
a

B
mv - myv vV 2Km r v @
r = qB = ZeB — 2eB
Experimental Observation :
Experimentally it has been observed that all the a-particles do not move
in the circle of same radius, but they move in “circles having different
radii.
This shows that they have different kinetic energies. But it is also
observed that they follow circular paths of some fixed values of radius y Y'(excited state) + o+ Q
i.e. yet the energy of emitted a-particles is not same but it is quantized. l

The reason behind this is that all the daughter nuclei produced are not
in their ground state but some of the daughter nuclei may be produced
in their excited states and they emits photon to acquire their ground Y + photon (yparticle)
state.
The only difference between Y and Y* is that Y* is in excited state and Y is in ground state.
Let, the energy of emitted y-particles be E
Q=T+ Tv+E where Q= [Mx— My— Mke] c?

Te+Tvy=Q-E
L(Q_E) L(Q_E)
TO(=mm+mY ;TY:mu+mY
B-- decay :

XA —— z+ 1 XA+ 180+ Q

-1€0 can also be written as -1f3°.
Here also one can see that by momentum and energy conservation, we will get
my 4 Me 4

To= Me+My - Ty = Me +My
as me << my, we can consider that all the energy is taken away by the electron.
From the above results, we will find that all the B-particles emitted will
have same energy and hence they have same radius if passed through
a region of perpendicular magnetic field. But, experimental observations
were completely different. On passing through a region of uniform
magnetic field perpendicular to the velocity, it was observed that B-
particles take circular paths of different radius having a continuous
spectrum.
To explain this, Paulling has introduced the extra particles called neutrino and antineutrino (antiparticle
of neutrino).

Y — antineutrino, v — neutrino
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5.3 Properties of antineutrino (V) & neutrino(n) :
(1) They are like photons having rest mass = 0
speed =c
Energy, E = mc?
(2) They are chargeless (neutral)
1
(3) They have spin quantum number, s = + 2
Considering the emission of antineutrino, the equation of B~ - decay can be written as
XA —— z+1 XA+ 10+ Q+ ¥
Production of antineutrino along with the electron helps to explain the continuous spectrum because
the energy is distributed randomly between electron and and it also helps to explain the spin quantum
number balance (p, n and £ e each has spin quantum number + 1/2).
During B~ - decay, inside the nucleus a neutron is converted to a proton with emission of an electron
and antineutrino.
n—p+-e +V
Let, Mx = mass of atom zXA
My = mass of atom z+1YA
me = mass of electron
Q value = [(Mx — Zme) — {(My — (z + 1) me) + me}] ¢? = [Mx — My] c?
Considering actual number of electrons.
Q value = [Mx — {(My — me) + me}] c? = [Mx — My] c?
COMPARISON OF PROPERTIES OF «a, 8 AND y RADIATIONS
Property A-rays A-rays Arays
o ) s+ |These are beam of fastmoving electrons(a™) |1 Nese are electromagnetic radiation of high
These are doubly ionized helium atom ,He ) " e frequency & travel inform of photons charge
1 Nature |charge q= +2e=232x 107"Cmass and positions [£) and charge & = ~¢ = g =0 (chargeless) rest mass = 0 effective
bt Ay = 4% 16 % 107 K 16x107"%Ch+ =+e = 1.6 x 107°C m{&) =
M= 2p+ 2n =damu =41 g mia)=91x10"kg mass = =L
C AT
\ Speedranges between 1.4 x 10710 speed ranges from 1% to 90% of velocity ) _
2 Velocity 330 % 107 /s va ~ 0.05 ¢ of light vu — 0.9 € speed equals velocity of light v,= ¢
lonising ) N There ionizing power is lessthan a -
3 power These have maximum ionizing power (1000) particles and more than v-rays (100) Thergionizing pawer is less (1)
Penetration The penstration power is smallest Penetration poweris about 100 times that Fenetration power is very large. Can
4 ower Can only penetrate through 001 mm of ¥—ays can penstrate through 1 mm penetrable about 30 cm thick
P thick Al sheet (1) thick Al sheet (100) Al sheet (10000}
5 Range Renge is very small (few cms in &ir Range is more than v—ays . (few meters Range i5 very large (many hundreds
inar) cf meteris air)
6 Nature of Line spectrum continuous spectrum ling spectrum
spectrum ¥ P P
7 Ir'!teraction produces hest produces heat prgduces ph.otoel ectric effect Compton effect,
with matter pair production
Effect of
8 electric a_nd Suffers small def lection suffers large deflection pass undeflected
maghetic
field
Effect of
9 photo Affects photographic plate and Affects photographic plate and Affects photographic plate and produces
graphic plate|produces fluorescense produces fluorescence fluorescence
and ZnS
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———— Solued Example

Example 8. Consider the beta decay 1% Au — 19 Hg* + B~ + ¥ where 19%8Hg* represents a mercury nucleus in

an excited state at energy 1.088 MeV above the ground state. What can be the maximum kinetic
energy of the electron emitted? The atomic mass %8Au is 197.968233 u and that of 1%Hg is
197.966760 u.

Solution : If the product nucleus 1°8Hg is formed in its ground state, the kinetic energy available to the
electron and the antineutrino is
Q = [m(*"Au) — m(**®Hg)]c? .
As 198Hg* has energy 1.088 MeV more than 1%Hg in ground state, the kinetic energy actually
available is
Q = [m(*°8Au) — m(*98Hg)]c? — 1.088 MeV

MeV

931 J

=(197.968233 u — 197.966760 u) ( U J_1.088 Mev

= 1.3686 MeV — 1.088 MeV = 0.2806 MeV.

This is also the maximum possible kinetic energy of the electron emitted.

54 pB*-decay:
XA =z YA+ 1%+ v+ Q
In B* decay, inside a nucleus a proton is converted into a neutron, positron and neutrino.
p—nNn+4+6e%+y

As mass increases during conversion of proton to a neutron, hence it requires energy for §* decay to take
place, - B* decay is rare process. It can take place in the nucleus where a proton can take energy from
the nucleus itself.

Q value = [(Mx—Zme) — {(My — (Z — 1) me) + me}] c2 = [Mx — My — 2meg] c2

Considering actual number of electrons.

Q value = [Mx — {(My + me) + me}] c? = [Mx — My — 2me] c?

— Solved Examples

Example 9. Calculate the Q-value in the following decays :

(@) 1°0 — 9F + e~ + v

(b) 25Al — 5Mg + e* + v.

The atomic masses needed are as follows:

190 19F 25| 25Mg
19.003576 u  18.998403u  24.990432u  24.985839u
Solution : (8) The Q-value of B~ -decay is

Q = [m(*0) — m(*F)]c?
=[19.003576 u — 18.998403 u ] (931 MeV/u)
= 4.816 MeV
(b) The Q-value of B*-decay is Q = [m(®Al) — m(¥*Mg) — 2me]c?

MEV}CZ

2

[24.99032u —24.985839u-2x0.511
c

= (0.004593 u) (931 MeV/u) — 1.022 MeV
= 4.276 MeV — 1.022 MeV = 3.254 MeV.
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6.

PAIR PRODUCTION & PAIR ANNIHILATION

Collision of y-ray photon by a nucleus & production of electron positron +1l30 -
pair is known as pair production. he +%9

The rest mass of each of the electron & the positron is 9.1 x 10-31 kg. so, NUC"EUS\h
the rest mass energy of each of than is BT

Eo=mo c2 = (9.1 x 10-31) (3 x 108)2
=8.2 x 104 joule = 0.51 MeV

Hence for pair-production, it is essential that the energy of y-photon must be at least 2 x 0.51 = 1.02 MeV.
y-photon y-photon
+— VWA ANNA—D

G Lp hv hv
(Before combining) (After combining)
B’ + g = hv +  hv
(positron) (electron) (v-photon) (y-photon)

7. K CAPTURE:

It is a rare process which is found only in few nucleus. In this process the nucleus captures one of the
atomic electrons from the K shell. A proton in the nucleus combines with this electron and converts itself
into a neutron. A neutrino is also emitted in the process and is emitted from the nucleus.

p+-1€2—>n+v
If X and Y are atoms then reaction is written as :

XA — z_1YA + v + Q + characteristic x-rays of Y.

If X and Y are taken as nucleus, then reaction is written as : K shell

XA+ 180 — 721 YA+ v

Note : (1) Nuclei having atomic numbers from Z = 84 to 112 shows radioactivity.
(2) Nuclei having Z = 1 to 83 are stable (only few exceptions are there)
(3) Whenever a neutron is produced, a neutrino is also produced.
(4) Whenever a neutron is converted into a proton, a antineutrino is produced.

USES OF RADIOACTIVE ISOTOPES

1. In Medicine
*  Co® for treatment of cancer
*  Na?*for circulation of blood
» I for thyroid
*  Sr% for treatement of skin & eye
*  Fe’° for location of brain tumor

* radiographs of castings and teeth

2. InIndustries
for detecting leakage in water and oil pipe lines
for investigation of wear & tear, study of plastics & alloys, thickness measurement.

3. In Agriculture
C'41to study kinetics of plant photosynthesis.
P32 to find nature of phosphate which is best for given soil & crop
Co80 for protecting potato crop from earth worm.
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10.

sterilization of insects for pest control.

4. In Scientific research
* K4%to find age of meteorites
* S35in factories

5. Carbon dating
* ltis used to find age of earth and fossils
* The age of earth is found by Uranium disintegration and fossil age by disintegration of C14,
* The estimated ege of earth is about 5 x 10°years.
* The half life of C'# is 7500 years.

6. As Tracers
* A very small quantity of radio isotope present in any specimen is called tracer.

* This technique is used to study complex biochemical reactions, in detection of cracks, blockage
etc., tracing sewage or silt in sea

7. In Geology
» for dating geological specimens like ancient rocks, lunar rocks using Uranium
» for dating archaeological specimens, biological specimens using C4.

NUCLEAR STABILITY :

Figure shows a plot of neutron number N versus proton :gﬁ?rfon(N)‘
number Z for the nuclides found in nature. The solid line in

the figure represents the stable nuclides. For light stable o B &,\
nuclides, the neutron number is equal to the proton o e (B stasilly curve
number so that ratio N/Z is equal to 1. The ratio N/Z
increases for the heavier nuclides and becomes about 1.6
for the heaviest stable nuclides.

The points (Z, N) for stable nuclides fall in a rather s
well-defined narrow region. There are nuclides to the left no. of proton (Z)

of the stability belt as well as to the right of it.

The nuclides to the left of the stability region have excess neutrons, whereas, those to the right of the
stability belt have excess protons. These nuclides are unstable and decay with time according to the laws
of radioactive disintegration. Nuclides with excess neutrons (lying above stability belt) show B~ decay
while nuclides with excess protons (lying below stability belt) show B* decay and K - capture.

NUCLEAR FORCE:

(i) Nuclear forces are basically attractive and are responsible for keeping the nucleons bounded in a
nucleus in spite of repulsion between the positively charge protons.

(ii) Itis strongest force within nuclear dimensions (Fn = 100 Fe)

(iii) It is short range force (acts only inside the nucleus)

(iv) It acts only between neutron-neutron, neutron-proton and proton-proton i.e. between nucleons.

(v) It does not depend on the nature of nucleons.

(vi) An important property of nuclear force is that it is not a central force. The force between a pair of
nucleons is not solely determined by the distance between the nucleons. For example, the nuclear
force depends on the directions of the spins of the nucleons. The force is stronger if the spins of the
nucleons are parallel (i.e., both nucleons have ms = + 1/2 or — 1/2) and is weaker if the spins are
antiparallel (i.e., one nucleon has ms = + 1/2 and the other has ms = — 1/2). Here ms is spin quantum
number.

L+ (shows p' decay)
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11. RADIOACTIVE DECAY : STATISTICAL LAW :
(Given by Rutherford and Soddy)
Rate of radioactive decay « N
where N = number of active nuclei
=AN
where A= decay constant of the radioactive substance.
Decay constant is different for different radioactive substances, but it does not depend on amount of
substance and time.
ST unit of Ais s*

If A1 > A2 then first substance is more radioactive (less stable) than the second one.

For the case, if A decays to B with decay constant A

A——>B
t=0 No O where No = number of active nuclei of Aatt=10
t=tN N’ where N = number of active nuclei of Aatt=t
ﬂ N
Rate of radioactive decay of A =— dt = N N3
N dN t \
[ o .
—No 0 = N=Noe™ (itis exponential decay)

Number of nuclei decayed (i.e. the number of nuclei of B formed) N"=N,-N
N'=No—N N
= No — Noe™
N” = No(1 —e™) ] t

11.1 Half life (T1z) : Itis the time in which number of active nuclei becomes half.

N = Noe™
No
After one half life, N= 2
Ny n2 0.693
2 =Noet t= A o A =ty
n2 0.693
tip = » = (to be remembered)
Number of nuclei present after n half lives i.e. after a time t = n tu
. In2
—in ==
N = Noe ™ = Ng eMntli2 = N, © *
No
In2t-" an
=No © = No (2)™ = No(1/2)" =2

t

{n= bz may be a fraction, need not to be an integer}

2 3
ater 1ot No 2 >NO(1J %NO(lJ ............... —">NO(lJn

or No half life 2 2 2

— Solved Examples
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Example 10.

Solution :

Example 11.

Solution :

(A8

A radioactive sample has 6.0 x 1018 active nuclei at a certain instant. How many of these nuclei
will still be in the same active state after two half-lives?
In one half-life the number of active nuclei reduces to half the original number. Thus, in two half
21(2)
— x| =
lives the number is reduced to 2 2 of the original number. The number of remaining active

23]
nuclei is, therefore, 6.0 x 1018 x 2 2)_ 1.5 x 1018,

The number of 238U atoms in an ancient rock equals the number of 2°6Pb atoms. The half-life of
decay of 238U is 4.5 x 10 ° y. Estimate the age of the rock assuming that all the 2°6Pb atoms are
formed from the decay of 238U,

Since the number of 2°6Pb atoms equals the number of 238U atoms, half of the original 238U atoms
have decayed. It takes one half-life to decay half of the active nuclei. Thus, the sample is 4.5 x
10°%y old.

11.2  Activity :
Activity is defined as rate of radioactive decay of nuclei
Itisdenotedby AorR A =2AN
If a radioactive substance changes only due to decay then

dN

A= dt
As in that case, N = No e™

A =2AN = ANoe™

A=Ae™
SI Unit of activity : becquerel (Bqg) which is same as 1 dps (disintegration per second)
The popular unit of activity is curie which is defined as

1 curie = 3.7 x 10%° dps (which is activity of 1 gm Radium)

— Solued Examples

Example 12.

Solution :

The decay constant for the radioactive nuclide %Cu is 1.516 x 10 s, Find the activity of a
sample containing 1 pg of 8Cu. Atomic weight of copper = 63.5 g/mole. Neglect the mass
difference between the given radioisotope and normal copper.
63.5 g of copper has 6 x 102 atoms. Thus, the number of atoms in 1 ug of Cu is
6x10% x g
N= 63.5¢
The activity = AN
= (1.516 x 1075 s71) x (9.45 x 101%) =1.43 x 10! disintegrations/s
1.43x10"

10
= 3.7x10" cj=13.86Ci.

=9.45 x 1015

Ao

Activity after n half lives : 2"
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Example 13.  The half-life of a radioactive nuclide is 20 hours. What fraction of original activity will remain after
40 hours?
Solution : 40 hours means 2 half lives.
Ao _ Ao

Thus, A= 2° 4
A

or, Ao= 4

So one fourth of the original activity will remain after 40 hours.

Specific activity : The activity per unit mass is called specific activity.

L

11.3 Average Life:

j AN e Mdt.t
sum of ages of allthe nuclei j 1
Tavg = NU = NG

— Solved Examples

Example 14. The half-life of 1%8Au is 2.7 days. Calculate (a) the decay constant, (b) the average-life and (c)
the activity of 1.00 mg of 1%8Au. Take atomic weight of °Au to be 198 g/mol.

Solution : (&) The half-life and the decay constant are related as
In2  0.693 0.693 0.693
tp= = & o A= tyz - 27days
0.693

- 2.7x24x3600s — 29x%x10%gs1
1

(b) The average-life is tav = L =39 days.
(c) The activity is A = AN. Now, 198 g of 1%Au has 6 x 1023 atoms.
The number of atoms in 1.00 mg of 19%Au is
1.0mg

N=6x102x 1989 -303x 101
Thus, A= AN = (2.9 x 10~ s71) (3.03 x 1018)
= 8.8 x 1012 disintegrations/s

8.8x10"
10
= 3.7>x10 ci=240Ci

Example 15.  Suppose, the daughter nucleus in a nuclear decay is itself radioactive. Let A, and Aq be the decay
constants of the parent and the daughter nuclei. Also, let Np and Ng be the nhumber of parent and
daughter nuclei at time t. Find the condition for which the number of daughter nuclei becomes
constant.

Solution : The number of parent nuclei decaying in a short time interval tto t + dt is Ap Npdt. This is also the
number of daughter nuclei decaying during the same time interval is AgdNadt. The number of the
daughter nuclei will be constant if

)\prdt = AdNqdt
or, ApNp = AdNa.
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Example 16. A radioactive nucleus can decay by two different processes. The half-life for the first process is

t1 and that for the second process is t2. Show that the effective half-life t of the nucleus is given

11,1
by | 4ty
In2 In2
Solution : The decay constant for the first process is A1 = t and for the second process it is A2 = b

The probability that an active nucleus decays by the first process in a time interval dt is A:dt.
Similarly, the probability that it decays by the second process is A2dt. The probability that it either
decays by the first process or by the second process is A1dt + A2dt. If the effective decay constant
is A, this probability is also equal to Adt. Thus.

Adt = Aadt + Aodt

or, A=A+ A or, (To be remembered)

12.

13.

NUCLEAR FISSION :

In nuclear fission heavy nuclei of A, above 200, break up into two or more fragments of comparable
masses. The most attractive bid, from a practical point of view, to achieve energy from nuclear fission is
to use 92U%3% as the fission material. The technique is to hit a uranium sample by slow-moving neutrons
(kinetic energy = 0.04 eV, also called thermal neutrons). A ¢2U%35 nucleus has large probability of
absorbing a slow neutron and forming 92U%3¢ nucleus. This nucleus then fissions into two or more parts.
A variety of combinations of the middle-weight nuclei may be formed due to the fission. For example, one
may have

02U235 + onl — U236 — X + Y + 20nt,
or 92U25+ont — 9oU26 — X"+ Y  + 3pn?

and a number of other combinations.

* On an average 2.5 neutrons are emitted in each fission event.
*  Mass lost per reaction = 0.2 a.m.u.
* In nuclear fission the total B.E. increases and excess energy is released.

* In each fission event, about 200 MeV of energy is released a large part of which appears in the form
of kinetic energies of the two fragments. Neutrons take away about 5MeV.
eg. + 20U+ o n' > U ¥Bar 2Kr+3 0’ energy
Q value = [(Mu — 92me + mn) — {(Mga — 56 me) + (Mkr — 36me) + 3mn}]c?
= [(Mu + mn) — (Mea + Mkr + 3mn)]c?
*  Avery important and interesting feature of neutron-induced fission is the chain reaction. For working

of nuclear reactor refer your text book.

NUCLEAR FUSION (THERMO NUCLEAR REACTION):

(&) Some unstable light nuclei of A below 20, fuse together, the B.E. per nucleon increases and hence
the excess energy is released. The easiest thermonuclear reaction that can be handled on earth is
the fusion of two deuterons (D-D reaction) or fusion of a deuteron with a triton (D—T reaction).

1H? + 1H? — 2He® + on' + 3.3 MeV (D-D)
Q value = [2(Mb — me) — {(MHe3 — 2me) + Mn}]c? = [2Mb — (Mre3 + mn)]c?
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1H? + 1H? — 1H3 + 1H! + 4.0 MeV (D-D)
Q value = [2(Mb — me) — {(M1 — me) + (Mu — me)}]c? = [2Mb — (Mt + Mu)]c?
1H2 +1H® — 2He*+n +17.6 MeV (D -T)
Q value = [{(Mp — me) + (M1 — me)} — {(MHea — 2me) + mn}]c2 = [(Mb + MT) — (MHes + mpn)]c?
Note : In case of fission and fusion, Am = AMatom = AMnucleus -
(b) These reactions take place at ultra high temperature ( = 107 to 109). At high pressure it can take
place at low temperature also. For these reactions to take place nuclei should be brought upto 1 fermi
distance which requires very high kinetic energy.

(c) Energy released per mole in fusion exceeds the energy liberated in the fission of heavy nuclei.
(d) Energy released per reaction in fission exceeds the energy liberated in the fusion of heavy nuclei.

— Solved Examples

Example 17. Calculate the energy released when three alpha particles combine to form a ?C nucleus. The

. 4He .
atomic mass of 2 is 4.002603 u.
Solution : The mass of a 12C atom is exactly 12 u.

3(3He) > C

The energy released in the reaction is

4 12
Bm(2He) _m(8%y 2
= [3 x 4.002603 u — 12 U] (931 MeV/u) = 7.27 MeV.

— Solved Wiscellaneous Problems

Problem 1. A radioactive sample decays with an average-life of 20 ms. A capacitor of capacitance 100 uF is
charged to some potential and then the plates are connected through a resistance R. What
should be the value of R so that the ratio of the charge on the capacitor to the activity of the
radioactive sample remains constant in time?

Solution : The activity of the sample at time t is given by A = Ao e™
where A is the decay constant and Ao is the activity at time t = O when the capacitor plates are
connected. The charge on the capacitor at time t is given by

Q = QO e—UCR

Q QD e—UCR
AT A oM

where Qo is the charge att = 0 and C = 100 pF is the capacitance. Thus, A Ay e

A
Itis independent of tif A = CR
1 t, 20x10°s
or, R= XC = C = 100x10°F ~ 590 q.
Problem 2. A factory produces a radioactive substance A at a constant rate R which decays with a decay

constant A to form a stable substance. Find (i) the no. of nuclei of A and (i) Number of nuclei of
B, at any time t assuming the production of A starts at t = 0. (iii) Also find out the maximum
number of nuclei of ‘A’ present at any time during its formation.

R A A B

Solution : Factory constrate  decay
Let N be the number of nuclei of A at any time t
N dN L
dN I
— =R-2N I RN &
dt 0 =0

On solving we will get
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N =R/A(L-e %
(i) Number of nuclei of B at any timet, Ne= Rt—Na=Rt—-RA(l-e™=RA At—1+e™),

(i) Maximum number of nuclei of ‘A’ present at any time during its formation = R/A.

Problem-3. A radioactive substance “A” having No active nuclei at t = 0, decays to another radioactive
substance “B” with decay constant A1. B further decays to a stable substance “C” with decay
constant 2. (a) Find the number of nuclei of A, B and C after time t. (b) What would be the answer
of part (a) if A1 >> A2and A1 << Az.

Solution : (a) The decay scheme is as shown
A —= B —2> C(stable)
t=0 No O 0
t N1 N2 N3

Here N1, N2 and Nsrepresent the nuclei of A, B and C at any time t.
For A, we can write

Ni=Noe?*t (1)
For B, we can write
dN,
dt = Ni-2N2 L )
dN,

or, 9t +2N2=N:
This is a linear differential equation with integrating factor
LF. = e

}_thz Aot
e"? —= e )N
dt 282 t

A
=MN; 7

J' d(N,e*2!) J' AN, dt

ot J‘ e Mtghatgt .
N2®" =aNo® L. using (1)
(hp—hy) t
O e}\ Y
N2 € 2™ +Cc L 3)
At t=0, N2=0 0o="*2"M 4c
Hence C= M~ %2
Using C in eqn. (3), we get

and N1+ N2+ Ns=No
Nz = No - (N1 + N2)

7\'1NC‘
(b) For A1 >> % No= M (=& 'y = g e
7L1N0
—hqt
For A1 << 2 N:= *2 (e

Alternate solution of (b) part without use of answer of part (a) :
If A1 > A2 that means A will decay very fast to ‘B’ and B will then decay slowly. We can say
that practically N1 vanishes in very short time & B has initial no. of atoms as No.

ot gt

Now Nz=No® 2 & Nz = No®



Nuclear Physics s —

Problem 4.

Solution :

If A1 << A2 then B is highly unstable and it will soon decay into C.
So, it’s rate of formation = its rate of decay.

KIN1 7L1ND

s

AN1 = 2A2N2 = Nz = S (e—lﬁ)

Consider two deuterons moving towards each other with equal speeds in a deutron gas. What
should be their kinetic energies (when they are widely separated) so that the closest separation
between them becomes 2fm? Assume that the nuclear force is not effective for separations
greater than 2 fm. At what temperature will the deuterons have this kinetic energy on an average?
As the deuterons move, the electrostatics repulsion will slow them down. The loss in kinetic

energy will be equal to the gain in electrostatics potential energy. At the closest separation, the

eZ

kinetic energy is zero and the potential energy is Ameor g the initial kinetic energy of each

deuteron is K and the closest separation is 2fm, we shall have
e’ (1.6x107"°C)¥ x (9x10°N-m? /C?)
oK = 4meg(2fm) _ 2x107""m
or, K=5.7x107J.

If the temperature of the gas is T, the average kinetic energy of random motion of each nucleus
will be 1.5 kT. The temperature needed for the deuterons to have the average kinetic energy of
5.7 x 10~ J will be given by

15kT=5.7%x101]

where k = Botzmann constant
57x107y
or, T=15x1.38x10%°J/K =28 x 109K,




